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[•'casureitionts  of  llie  intr’insic  [  r  0|  ortios ,  ox  ['CM''iiii  tlivi  ty  ond 

por::;oabi  1  i fy  of  radar  absorl)(jr  dusiijn  :i.jlcn*als  wliose  ].i  tluinje 

rulativoly  slowly  with  froquoncy  can  presently  l)0  i.  .de  ever  two  or  r-vc*n 
tlircG  dec(\des  of  frcqiitiicy  using  a  tiniG  domain  system.  Such  a  system 
•was  d(:vGlupt^d  for  the  Air  forcG  Avionics  Laboratory  by  the  Sj^erry 
Corporate  Research  Center.  However,  this  timG  duiiiain  techniciue  is  liiaited 
to  frequency  fijeasuroirents  below  16  gigahertz  (CHz). 

This  thesis  is  the  documentation  of  a  final  autoiiated  experi;; cntal 
setup  for  measureiiiGnt  in  the  Ku  band  (12,4  -  18  GHz)  used  to  dc'^onstrate 
the  feasibility  of  a  possible  frequrncy  doiiiain  (i^casurcriiGnt  technique  to 
Lxtend  intrinsic  property  I’W'.asurf'.ients  up  to  100  GHz, 

The  prospect  of  experimental  work  in  the  Air  Foixe  Avionics 
1  <:ibutw:tory ,  ciajpled  with  a  projs^ct  in  the  orea  of  el  wetrw,;  agriut  ics , 
presented  a  thesis  topic  ideally  suited  to  my  desires.  The  application 
of  Maxwell  's  equations  to  the  study  of  microwave  absorber  materials 
i;s(,^d  to  reduce  tfie  radar  cross  section  of  aircraft  is  a  Ingjedl 
extension  of  my  education  in  electronic  warfare. 
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Using  frnijUf.-Mcy  U'jr.iin  ,  a  systoiii  v.'as  (Enveloped  to  n.fdsure 

tfib  complex  pet'mi  tt  i  vi  ly  ond  [a'i  *  t^Ui  1  i  ty  of  different  i.-.loridls  in  the 
Ku  band  (l?.4  to  18  GHz).  A  sainple  of  fiberglass,  teflon,  end 

two  differ'ent  I’loxiglas  c  onfigurations  were  chosen  for  this  experirent. 

The  newly  developed  iitv^suring  system  consisted  of  a  two  hori zontal -pi ane 
sectoral  horn  and  a  sar.ple  holder  assembly.  A  9.5  x  0.8  cm  piece  of  the 
sample  material  was  cut  and  fitted  into  the  sample  holder  assembly.  The 
reflection  and  transmission  coefficients  for  the  sa?rple  were  neasured, 
using  a  network  analyzer  and  frequency  synthesizer  as  the  swept  frequency 
signal  source.  A  dedicated  computer  calculated  the  complex  permittivity 
and  perinoabil  i  ty  and  plotted  the  output  data..  The  measurements  were  per¬ 
formed  automatically  by  having  the  coi'puter  cpiitrol  the  frequency  synthe¬ 
sizer  while  running  the  experiment. 

The  two  configurations  of  plexiglas  and  the  fiberglass  sai’ple  were 
tested  ten  times  to  obtain  a  statistical  representation  of  the  results.^ 

In  all  cases  good  repeatabil ity  was  obtained.  The  standard  deviation  of 
the  real  part  of  the  permittivity  and  permeability  for  the  two  cases  of 
plexiglas  was  within  +  M,  of  the  mean.  The  fiberglass  had  a  typical  stan¬ 
dard  deviation  within  +  of  the  mean  for  the  real  part  of  the  permit¬ 
tivity  and  permeability. 

"“The  permittivity  and  permeability  obtained  for  the  selected  samples 
using  the  frequency  domain  measureirient  technique  were  compared  with  the 
results  obtained  in  a  previously  developed  system  which  used  time  domain 
techniques.  The  data  comparison  between  the  two  systems  was  good  for 
teflon,  plexiglas,  and  fiberglass  in  the  frequency  range  from  12.4  to — ^ 
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-'IG  Cliz.  Some  variations  were  not^.'d  for  tlie  Since  tfie  results 

obtained  wore  (jei.erally  (Ofisistent  between  both  techniques,  it  is  cldi!:ied 
that  the  newly  inpl  ( ii^t  nt  ed  frequency  domain  system  is  a  viable  alterrjative 
for  the  rapid  ineasur*  inent  of  intrinsic  properties  in  the  Ku  band. 


1  ['■  ;,i'i  MY  /i 'MIN  :• !  A'  .:;«i  :'i  NiS 

or  fMoKiiNAvi  Alo  ;ikri  r  oi  mon  :Mi(  kiai  s 

I  .  Mil.)  ji  (  ii>n 

riio  .![ '0  j  l  iL'n  of  t'viN  ir  .O'voi  1m  r  OrMjn  itMcoMal  to  the  (  (-ik  t  aM  ont 
of  airuMft  *!i;d  iMssilrs  iiiiHjos  tin  a  kiu.wleO'jO  of  tfic  intt’insic  [a'opcrties 
of  cu  ;.plt'X  ^  I  r  :i  i  tli  V  i  ty  (t'l  bilon)  oiid  i'Ci  i-ocibi  1  i  ty  {.'  u)  of  thG  :i.i crc'v.'ave 
at'sorber  ^iosi^n  iMaterials  uvor  a  wide  frec]L;cncy  raiigG  (Ruck  and  Rarr'ick, 
MR/0;  Crispin,  M^70).  Tlieso  two  propc-rties  are  a  intuasure  of  the  ability 
of  ri.itorials  to  conduct  eU^ctric  and  i:.atjnetic  fields  which  are  present 
in  the  radar  t  fiv  i  mn  :u  nts  (Nayt,  1974;  Allen,  1  976). 

Racktjroun^ 

The  ability  to  design  and  lest  r\idar  absorber  design  MU3terials 
de['ends  on  tfie  capability  to  accurately  i?casure  the  intrinsic  proierties 
of  coiiiplcx  fiiu  and  epsilon  of  the  fraterial  over  a  wide  frequency  range. 

The  Air  For  t  e  Avionics  lnla  rsMury  c  caO  r.o  tr^d  I  he  "sperr^y  RcUid  Rrst  arch 
Corporation  to  build  a  tiinO  cicM.ain  masurr'  I'lit  systt'iii  that  could 
Losiplex  iitu  and  ('psilon  parMi.'.tMers  of  design  I'liaterials  over  a  frequency 
range  from  0.1  to  16  OHz  (Nicolson,  1971;  Nicolson,  1974).  Tradi ti onally , 
such  fficasurea-'cnts  frave  b('en  made  at  fixed  freque/rcics  below  10  GIM  using 
slotted-line  and  imfiedarrte-bridge  conf igurations  (Mippel,  196vS). 

Tsscntially,  Hie  tiiiic  do:  ain  naMMn'c.o.-nt  sy  lo'ii  tonsists  of  a 
sub' riannsr'corid  (u/lse  gi/ntonjtor  and  coaxial  line  system  to  bold  samples 
of  materials,  a  wide[)and  safiipling  oscilloscope,  and  an  electronic 


1 


system  which  scdus  and  diyiti/os  tlie  transient  response  of  fiiicrowdve 
iiidterials  (Nicolson,  1  970;  Nicolson,  1971;  Nicolson,  1  974).  The  trdnsiont 
res[)Onse  is  then  Fourier  transformed  on  a  Hewlett-Packard  2^1  MX  co';.puter  to 
provide  frequency  doiiiain  scattering  coefficients.  Further  coiiiputation 
provides  printouts  and  graphs  of  coiiiplex  niu  and  co:iiplex  epsilon  as  a  function 
of  frequency.  Although  the  time  domain  system  works  well,  the  Air  Force 
Avionics  Laboratory  has  a  need  for  a  measurement  capability  of  complex 
permittivity  and  pGni<eabi  1  i ty  of  candidate  design  materials  at  frequencies 
higher  than  16  GHz, 

The  National  Bureau  of  Standards  published  a  report  dealing  with 
radar  absorber  design  material  measurement  techniques  at  frequencies 
above  20  GHz  (Nahinan,  1979).  One  area  of  the  report  reviews  the  existing 
time  domain  incdsurenient  system  in  use  at  AFAL  and  reccr:,  .ended  a  frequency 
domain  approach  as  one  possible  way  to  extend  the  inu  and  epsilon  measure¬ 
ment  capability  into  the  minimeter  frequency  range.  This  would  involve 
the  development  and  verification  of  a  frequency  domain  technique  that  can 
be  integrated  into  the  present  time  domain  measurement  system  with  the 
mininium  equipment  modification  possible.  The  time  domain  system  uses  two 
specialized  generators.  One  of  these  generators  produces  a  very  narrow 
and  sharp  irnpul  se-l  i  ke  signal,  whose  spectral  content  is  primarily  in 
the  frequency  range  from  0.1  to  10  GHz  (Nicolson,  1971).  The  second 
generator  emits  a  radio  frequency  l)urst,  whose  s[^ectral  content  is  between 
9  and  is  GHz  (Nicolson,  1974).  Utilizing  these  two  generators,  two 
measurements  then  characterize  the  permeability  ar^d  permittivity  of  a 
sample  from  0.1  to  16  GHz.  A  sampling  oscilloscope  is  used  to  sample 
the  transient  response  for  digitizing,  so  that  scattering  parameters  can 
be  computed  at  discrete  frequencies. 
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Ttie  fifiolou  iC(il  of  the  Stiinpl  i  mj  (jsci  1 1 0‘ LCjpe 

{n'ovidt's  the  it'petus  to  uiV(jlnp  d  fi-  iiji ncy  du:!idin  (i.Oiisurc:..., iit  ^.y">tonn 
(lldlran,  1979).  The  fr^piJincy  dtdidin  .:;;'ro.ich  wc>ul(i  delete  tlie 
r^H.uire  .ent  for  tlie  tvjo  special  rodio  f id''iuericy  e^iic  rdturs  arid  instead 
utilize  a  cunti.iuous  wave  ijenerator,  frepuency  synthesizer,  tofifd  from 
discrete  frequency  to  discrete  frequency.  The  continuous  wave  rc:dio 
fr'equcncy  signals  v/ould  also  negate  the  requirement  for  safr.pl  ifig  the 
transient  signal  response.  Instead,  the  reflected  and  transiiii tted 
signals  would  be  at  a  set  frequency  and  could  be  digitized  and  processed 
using  analog-to-digi tal  (A/D)  techniques. 

Probl em  and  S c o p£ 

The  problem  addressed  in  this  thesis  is  that  of  experi/ijentally 
developing  a  millidieter  frequency  domain  measurement  system,  and 
dciiionstrati ng  the  system  capabilities  by  measuring  the  intrinsic 
prcq>c-rt1es  of  several  cc).  r-on  iraterials  at  the  Ku  im-nd  (12.4  to  18  GHz). 
Existing  material  properties  obtained  from  the  time  domain  system  can  be 
used  for  coiiiparison.  The  computer  code  should  he  modified  to  autc)::iate 
the  ii.easuretiient  process  by  putting  the  fi'oquency  synthesizer  urtder 
coiitputer  control  and  reading  the  network  analyzer  phase  and  afr.plitude 
outputs  with  the  computer’s  A/D  converter. 

After  demonstrat ion  of  the  concept  frasibillty,  the  Air  fotce 
Avionics  Laboratory  [jorsonnel  would  later  modify  the  measure', .cnt  setup 
to  apply  the  technique  at  f reciu(?ncios  between  20  and  100  GHz. 

This  thesis  contains  a  description  of  tlie  fully  auton-atc^d  frc<iuency 
dofiiain  measurement  system  and  data  comparisons  for  fiberglass,  two 
thicknesses  of  plexiglas,  teflon,  and  FGIi-40  absorl)Or  materials  im  asured 
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in  both  tho  time  do.iiain  oid  the  fr<(;Uf;ncy  do'.ain  TliO  fi  t-.i/i.  ncy 

doi'iain  iuoa5Lire!!iunt  systt/in  is  depicted  in  Fitjuce  1.  Tlie  frc-aodcy 
domain  setup  consists  of  two  H-plaiiO  sc^ctoral  horns  (Ranow  ^nd  Cluj, 

1939)  which  are  placed  niouth  to  mouth.  The  system  is  used  to  imasure  the 
reflection  and  transnii ss ion  coefficients  from  a  sinnle  rectonyul ar  Sumple 
of  the  design  material. 

Five  specific  samples  were  evaluated,  fiberglas,  two  tfrichhcsses 
of  plexiglas,  teflon,  and  an  FGM~40  absorber.  To  show  concept  feasibility, 
data  were  compared  for  the  five  samples  tested  on  both  the  tinie  domain 
system  and  the  frequency  doinain  system.  The  samples  prepared  for  use 
in  the  time  domain  systan  were  of  such  small  dimension  that  a  good 
uniformity  of  thickness  could  be  expected;  however,  samples  used  in  the 
frequency  dornain  system  were  larger  (7.60  sq  cm)  and  were  subject  to 
slight  nonuni formi ty  of  thickness.  Therefore,  the  thickness  value  used 
for  the  coiaputation  of  relative  inu  and  epsilon  in  the  frequency  domain 
system  is  the  average  thickness  across  the  sample. 

The  H-plane  sectoral  horn  assembly  is  assuiiiod  to  produce  a  transverse 
electormagnetic  plane  wavefront  at  the  sample  interface  (Jasik,  1961). 

The  plane  wavefront  approxiniation  was  sought  because  it  provides  a  iii‘^:2ns 
to  calculate  mu  and  epsilon  values  using  relatively  uncomplicated 
mathematics . 


Assumptions 

In  the  frequency  domain  nicasurc'iiiont  setup,  it  will  be  assui:ied 
that  the  electromagnetic  fields  noniially  incident  on  if^e  s.u  [do  i-atorial 
interface  approximate  3  plane  wave.  This  dssum[)tion  is  discussed  in 
the  theory  section.  The  theoretical  phase  variation  in  tfie  irouth  of  the 
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ilORNS 


(jure  1.  Frequency  Domain  Measurement  System 


H-pliitie  sectoral  horn  ranges  from  11.8'’  at  1?.4  GHz  to  16.24'’  at 

18  GHz,  using  tlie  diiiiensions  of  -  150  cm  and  a  =  9.5  cm  in  the 

2 

equation  A(f>  =  [ovr  ]  360°  (Jasik,  1961). 

8xLh 

General  Ap]3roa_ch_ 

The  research  rei-orted  in  this  thesis  involved  eight  rajor 
areas : 

1.  We  studied  the  existing  tiuie  domain  liieasureinent  system. 

2.  We  analyzed  literature  material  associated  with  the  sample 
holder,  network  analyzer,  frequency  synthesizer,  and  waveguide 
components  used  in  the  measurement  system. 

3.  We  performed  an  initial  determination  of  the  test  setup  and 
the  actual  assembly  of  the  test  system, 

4.  We  inodified  the  existing  time  domain  coiiiputer  program  to 
delete  portions  of  code  associated  with  the  Fourier  Transform  and  added 
computer  code  to  accept  the  frequency  domain  iiif?asured  values  as  infiut. 

5.  We  automated  the  test  setup,  putting  the  frequency  synthesizer 
under  computer  control  and  reading  the  network  analyzer's  phase  and 
amplitude  outputs  through  the  computers  A/D  converter. 

6.  We  measured  the  sample  materials  and  compared  mu  and  epsilon 
from  both  the  time  domain  and  frequency  domain  systems. 

7.  We  extended  the  ideas  u'eveloped  in  buildifig  the  test  system 
and  designed  and  built  a  final  frequency  doirain  system  that  could 
measure  reflection  and  transmission  coefficients  from  a  single, 
small  Sainple. 
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8.  V»e  took  tliG  iiicahured  values  of  mu  and  epsilon  from  the  final 
frequency  dojr.ain  systein  and  ce-nparod  it  to  data  oMained  from  the  time 
domain  system. 

Sequence  of  J’resentaticm 

The  material  in  the  thesis  is  presented  in  the  followiiuj  luuoner: 

1.  The  theory  underlying  the  measurement  technique  is  presented 
in  Section  II . 

2.  A  description  of  the  equipment  used  in  the  frequency  domain 
setup  is  given  in  Section  III. 

3.  The  sample  measurement  procedures  are  presented  in  Section  IV. 

4.  The  results  are  given  in  Section  V. 

5.  Finally,  the  conclusions  and  recommendations  are  presented 
in  Section  VI. 
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II.  TlK-orx 


As  an  introduction  to  the  tlieory  used  in  developing  tlie 
frequency  doir.ain  [iicasurement  system  for  the  intrinsic  property 
mcdsureii.ents  of  radar  atsorber  design  inaterials,  let's  look  first 
at  a  brief  description  of  the  properties  themselves, 

A  dielectric  is  a  substance  in  which  the  electrons  are  so 

well  bound  or  held  near  their  equilibrium  positions  that  they 

cannot  be  detached  by  the  application  of  ordinary  electric  fields. 

The  important  characteristic  in  a  dielectric  is  its  permittivity 

c  .  The  permittivity  (Dielectric  Constant)  relates  the  electric 

field  intensity  T  to  the  electric  flux  density  0  by  the  equation 

D  =  c  E  .  As  e  increases  for  a  iiiaterial,  the  iriaterial  will  hiave 

an  increased  electric  flux  density  present  within  (Ramo,  1965), 

Because  the  permittivity  of  a  dielectric  is  always  greater 

than  the  {lormi  Lti  vi  ty  of  vacuum  ,  it  is  convenient  to  use  the 

relative  permittivity  of  the  dielectric,  that  is  to  say 

r  -  —  ,  v/fiere  r  is  the  perniittivity  of  space  =  (1/36  0  10 

'  0 

farads  [)Gr  irieter  and  character i zes  the  effect  of  the  atcmiic 

and  molecular  dipoles  in  the  rsaterial.  This  relative  [)cnni  tti  vi  ty 
is  a  dimensionless  quantity  (Ramo,  1965;  Kraus,  At  higher 

frequencies,  typically  above  0.1  GHz,  tlie  dielectric  material 
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uncos  i  iuf  qy  losses.  Jhe  relative  jOoT.n  tti  vi  ly  (.cn  he 
.xi3ressed  as  a  plc.^x  nu  .hr.T  to  accc^nt  for  such  losses, 

(Hippel,  l'P5.8). 

rt.vjie^tic  Materials  and  PoriseabiJ  i  ty_ 

All  niaterials  sfiow  sos^e  magnetic  effects.  Depending  on  ti.eir 
liiagnetic  behavior,  substances  can  be  classified  as  dia:arcjnetic, 
paraiiiagneti  c  ,  and  ferromagnetic.  In  di  a: sagiieti  c  ir.atf.n''ials,  the 
magnetization  is  opposed  to  the  applied  field,  while  in  para:',agnetic 
i:\aterial5  the  magnetization  is  in  the  same  direction  as  the  field. 
Trie  materials  in  these  two  groups,  however,  show  only  weak  magnetic 
effects.  Materials  in  the  ferromagnetic  group,  on  the  other  hand, 
show  very  strong  iiagnetic  effects.  Magneti zati on  occurs  in  the 
same  direction  as  the  field,  as  it  does  in  parai'migneti c  materials. 

The  level  of  magnetization  of  materials  can  bo  quantized  by 
referring  to  the  relative  pem.ieabi  1  i  ty  p  defined  as  u  =  —  . 

By  definition,  the  relative  permeability  of  free  space  is  unity. 

Tfio  relative  [ler’ ;rabi  1  i ty  of  ferro:nagneti c  materials  is  giuierally 
much  greater  than  one.  The  [magnetic  flux  density  B  is  related 
to  tfie  magnetic  intensity  H  by  B  -  pH  -  wfiere  is 

tfu?  pemneability  of  space  -  4:t  x  10”^  henrys  per  i'oter  und  p^ 
measures  the  effect  of  the  magnetic  dipole  mcmients  of  the  ato::is 
comprising  the  fnedium  (Ranio,  1965). 

In  extending  the  concept  of  periitcuibi  1  i  ty  to  frec|U(;ncy  dop-^ndi  nt 
inagnetization  in  fcrroiiiagnetic  materials,  it  is  convenient  to 
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introduce  tiie  idea  of  a  co'iiplex  pniMif-abil  ity .  As  frequency  increases, 
the  following  effects  can  l)e  accounted  for  by  a  crunplex  relative  [perme¬ 
ability  n*  ^  ^  r" "  physical  fact  is  tiiat  in  a  sinusoidally 

varying  magnetic  field  a  phase  angle  0  arises  hetwten  B"  and  H  due  to 
energy  losses  associated  with  magnetic  resonance  arid  relaxation  ptienom- 
ena.  Such  losses  arise  physically  from  reorientation  of  the  ’magnetic 
mesionts . 

Theoret ic_al_  Devel oj^ment 

The  theoretical  development  presented  here  is  an  extension  of  theory 
from  the  standpoint  of  classical  boundary  value  solution  tecliniques  for 
plane  waves  (Kraus,  1953;  Hayt,  1974)  and  subsequent  relationship  to  the 
scattering  coefficients  and  S^-j  (Ramo,  1  965)  for  reflection  and  trans 
mission  parameters  respectively.  The  theory  of  the  H-plane  sectoral 
horn  will  be  given  by  presenting  a  few  hey  points  from  the  work  of  Barrow 
and  Chu  (1939). 

The  scattering  coefficients  S^-j  or\d  are  a  measure  of  the  forward 
and  back-scattered  energy  respectively  (Nicolson,  1970).  These  scatter¬ 
ing  coefficients  are  used  to  calculate  the  co;:iplex  pc  r:;  ^abi  1  i  ty 

'  jUp"  snd  permittivity  ^  ’  3^p"  test  sample. 

The  sample  will  be  examined  under  the  assumption  of  plane  waves  normally 
incident  at  the  interface. 

Consider  a  slab  of  homogenous,  isotropic,  nc nconduct i ng 

★  * 

material  with  perini  t  ti  vi  ty  L=fc:^  and  penncaon  i  i  v  p  ' 

thickness  d  positioned  in  a  free  space  !iiidi...in  with  characteri stic 
is'ipedance  with  region  three  infinite  in  extent,  as  shown  in 

Figure  2.  Within  the  region  0  ^  x  ^  d  the  impedance  of  the  slab 
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.■i?VG  n 


I  f  d  I  0  i  Ilf  i  n  i  to  ,  the  n  the 


reflection  coefficient  of  a  plc.ne  v.civo  nurcally  ihcid..nt  (;n  trie 
iiiterfnCG  would  siir.[;ly  be  (Nicolbun,  1970) 


0) 


Accoi^ding  to  .Vaxwell  *s  curl  equations, 

V  X  R  =  J  +  (2) 

V  X  E  =  -  (3) 

and  sinuG  a  nonconducting  media  is  assuiaed,  J  ~  0  in  Fq  (2).  Taking 
tfie  curl  operation  of  Fq  (3)  and  substituting  Fq  (2),  the  v.ave  ecjUtition 
is  obtained, 

V'  E  =  pf  (4) 

ot’ 

For  a  linocirly  polarized  plane  wave  traveling  in  the  x  dir'oetion, 
the  solution  of  tfie  wave  equation  reduces  to  a  term  that  is  a  function 
of  position  multiplied  by  tfie  tirio  variation  term  cxp(ju't)  (Hayt, 
19/4).  Defining  the  co  plex  prfp'dgation  constant  as  |  -  a  jp  , 
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tlic  ('osiliun  Il'i'i:)  uf  t))0  ('Icclric  1  ifld  in  ri-'jion  (.me  is 


-nx 


li.  [e  '  + 

1 


(5) 


where  E.  is  the  incidcMit  field  utid  E,  is  t'ne  total  field  ii.ade  up 

1  1 

of  ttie  ineident  mid  reflected  co:.  icinr-nts  of  the  fields.  In  ri.-yion 
two  (witliin  the  se.::[)le),  tlie  cort  ms  [  .  ndi  ny  el(-ctf  ic  field  tc:r;n  is 


-ToX  +"!'oX 

E2  =  Ae‘^+Be^ 


(6) 


And,  in  region  three  we  obtain 


lE-  e 

1 


(7) 


The  .'i.agnetic  field  in  region  one  e.xpressed  in  tones  of  the  incident 
electric  field  is 


H 


1 


-YiX 

[-Y^e  1  + 


0^ 


(8) 


In  region  two  (within  the  saniple)  the  nagnetic  field  is 


H 


2 


8  I  2  ^ 


(9) 


And,  in  region  three  the  magnetic  field  is 


X 


(10) 
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TfiO  :  fit  (its  F 1  y  ^  2  »  ^“^1  »  ^“^2  ^ 

tFo  t.  1l*l  tr  ic  I  ii’lds  t  nd  rjjiic^lic  fi(,^lds  H  ,  i  v<.  •<.  L  i  v(-l  y ,  in 

t:.r\o  t  x;  I  (  ' '■  ii  MS  <trc-  ‘  i‘^^K  '-..x  rit  i  I  it^s  i fidejK-Mdr-fit  of  I  iii;e  cfid 

nd  on  [he  '  :  -.cg  V'5)i«;hl('S  of^y.  Tiio  ,jLtudl  field  is  the  n  o.l 
['art  of  Fe'^  and  of  iie'^ '  ^ 

IfiG  rofU^ction  coefficir-nt  p  ond  li  c-.fiM:ii  ssitn  Loetficiont  t 
will  rK'W  bo  roiiiid  usincj  bosndary  value  solution  tecttnio;jes  (Kraus, 

19b3;  iiayt,  1974;  !li|'|iel,  K‘h8).  Since  the  tanrriitial  cct'.j^o:  ^nts  of 
the  electric  field  in  Fqs  (5)  and  (6)  are  Lontir;uous  at  tf)e  boundaries, 
tlien  at  x  =  0 


E.  [1  +  o]  =  A  +  B 
1 


(11) 


and  from  Fqs  (6)  and  (7),  at  x  -  d 


2",  .  _  ,  .  „ 


Tod 


Ae  +Be  =TE.e 

1 


(12) 


The  tangential  coc.ponents  of  the  [:;agnetic  fields  are  cofi tirnenus 
at  the  boundaries,  thus  at  x  =  0 


I'Oi  '^2 


(13a) 


Using  the  substitution  Z  -  j  v;here  j  -  j 
and  since  the  slab  is  a  rionconduc for  o  "0,  tiien 


(.'U 


z  "j 


-vf 


]l'A\C 


which  represents  tfic  ii;.(.edancG  of  the  iHfdium. 
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Tor  Uie  sysU'in  I'uiiig  dc^scrihed  in  Tigure  ?,  Z-j  ^  -■=  Zq  , 

where  is  the  cliaroLterislic  inipudcince  of  free  spoce;  ftOwLver, 

this  derivation  is  for  the  gineral  case,  lienee 
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rt'Udtion  (14)  is  multiplied  by  Z„  and  subtracted  off  Eq  (12)  to  yet 


-(■Yo'''Yo)d  Zp 

2B  =  lE.  e  [1  -  /-] 

’  ^3 


(18) 


Equating  Eqs  (16)  and  (17)  gives 


( Y'  o  Y  o )  d 


Te  “  -  [1  +  -/-]  =  [(1  +  p)  +  (1  -  p)] 

^3  ^1 


(19) 


And,  equating  Eqs  (15)  and  (18)  gives 


-(Yo'hro)d  z„  1 

Te  [1  -  .h  -  [(1  +  p)  -  /  (1  -  p)] 

^3  ^1 


(20) 


Equation  (20)  is  solved  for  the  transniission  coefficient  t  and  it 
is  substituted  into  Eq  (19)  to  yield  the  reflection  coefficient  p 


le 


^3  ^2 


“z^(i+p)  -  z^d-p) 


(21a) 


T 


(Yo+Yo)d 

e 


Z^(Up)  -  Z2(l-p)' 


^3  -^2 


(21b) 


(Y2-Y3)d 

1  e 


Z3+Z2 


Zi(l+p)  +  2^(1 -p) 


(22a) 


16 


17 


e  ^  (r 

-2yd 

1-e 


,3 

2, 


-  (-r 
)  (-r 


1  ,2 


(22i) 


Since  regions  one  and  three  are  free  space,  the  following  is  true 


^2,3  "  ’^1,2 


(22j) 


and  Eq  (22i)  reduces  to 


P 


1,2 


-2Y2d  -I 
1-e  ^ 

V 

■_  L-z'J 

7'  -2Y2d 

U-'l,2^  J 

I 

(22k) 


The  solution  for  the  transmission  coefficient  x  follows  from  Eq  (19) 


T  e 


(Y2-Y3)d 

■^2^^3' 

-Z^l+p)  +  Z^l  -p)  - 

L"23  . 

.  Z'l  - 

(23a) 


T 


Yod  -Yod 

e  e 


r„'3_ 


+  Z^)  +  p(Z^ 


(23b) 


T 


-Y^d 


Zi^Z, 

L  2-2-2  3 


1  +  p 


/'r'-zV 

Vi^VJ 


(23c) 
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For  the  system  being  studied,  <>nd  F  ~  F-j  2 


,  .  [1  -  Pr] 


(?3d) 


The  expression  for  the  reflection  coefficient  p  in  Eq  (ZZk)  is  substituted 
into  Eq  (23d)  to  give 


Y-jd 

T  =  e  e  ^ 


-2Y2d 

,  -  I  r 

•1-r'e  ^  ' 


(?3e) 


T  =  e 


-Y2d 

1-r^ 

^'3*^  7 

e 

_l-r  e 

=  e  Z 

{23f) 


In  order  to  use  scattering  coefficients  and  to  calculate 

the  complex  permittivity  and  permeability  of  radar  absorber  design  material, 
they  must  be  extracted  from  the  measured  reflection  coefficient  p  and 
transmission  coefficient  t  .  'he  relationship  between  p  ,  t  , 
and  S^-]  becomes  apparent  when  the  signal  flow  graph  in  Figure  3  is  used 
to  evaluate  closed  form  expressions  for  the  scattering  coefficients 
and  $21 . 

The  development  of  closed  form  expressions  for  and  S^'j  will 

follow  that  which  was  presented  in  a  technical  memorandum  published  for 
the  Air  Force  Avionics  Laboratory  (Kent,  1979).  This  material  is  also  an 
extension  of  the  signal  flow  graph  ideas  presented  by  Nicolson  (19/0). 
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3.  Signal  Flow  Graph  for  Sample 


is  7  =  a  +  jf?  3  j  ^  .  Tfie  nid'jnitucJe  of  the  incidL^Mt 

c  w  r*  f' 

/ 

wave  at  B  will  be  reduced  by  the  attenuation  portion  of 

(-j  Y^r^r  aiiiplitude  at  x  =  0  or 

point  A.  By  defining  z  =  exp  (j  “  -yj p*t,*  d)  wfiere  u*  =  -  JP^" 

and  €*  -  c'  -  3c"  ,  the  incident  wave  at  x  =  d  is  found  to  be 

r  r  r 


=  z(i  +r  )  V. 


The  fraction  of  the  incident  wave  transmitted  out  to  the  far  end  is 


izy-A-p)  < 


(1  -  r)(l  +  r)  zv. 


So,  as  a  first  approximation,  the  niagnitude  of  the  reflected  and 
transmitted  wave  amplitudes  through  this  sample  can  be  found  as  follows: 

(a)  Incident  wave  amplitude:  V"!” 

^  me 

(b)  Reflected  wave  amplitude:  VJ  =  rv"!” 

(c)  Transmitted  wave  amplitude:  Vn  =  z(l  -  r")V^ 

^  ^  ^  B  me 


This  approximation  fails  to  consider  second,  third,  and  higher  order 
internal  reflections  within  the  sairiple,  wliich  could  r.ioke  a  significant 
contribution  to  the  total  reflected  and  transmitted  wave  amplitudes. 

If  the  measureiiient  system  is  to  work  for  any  hninogenoous  utiknown,  how 
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tnany  iiitc-rnal  reflections  must  be  taken  into  ijccouiit?  To  pic.-cisely 
answer  tiiis  question,  consider  the  signal  flow  graph  that  sir.plifies 
the  description  of  this  system  without  loss  of  accuracy. 

If  one  takes  "n"  interactions  of  the  loop  representing  the  internal 
reflections  of  the  samples  and  allows  the  number  n  to  approach 
infinity,  then  the  amplitude  of  the  transmitted  wave  can  be  expressed 
as  an  infinite  series  of  the  following  form 

Vp=v!  {(l+r)(l-r)z+(l+r)(l-r)z(-rz)(-rz)+(i+r)(l-r)z(-rz)M-rz)2  +  . .  .1  (30a) 

D  I  nc 

{z(i-r^)+z3rMi-r^)+z-r‘*(i'r')  +  ...+z'"^^’'"(i-r^)}  (30b) 

D  1  nc 


Vd=v'!’  (i-r^)(z){i+z^r^+z'‘r‘'+z‘^r®  +  . .  .+z^'^r^'^} 

B  me'  '  ' 


(30c) 


z ) _  ( 1  +2  2  p ?  +  z ^  ^  e  p n . . . + z ■  " r  ‘ ( 1  -r ■  z n 
(l-r^z^) 


(30d) 


V+  =  V*  (-L-.rir  (;,r„) 

B  me  ,,  _ 

As  one  can  see,  the  above  is  a  very  convenient  closed  form  expression 
for  the  transmission  scattering  coefficient.  Since  this  trunsinission 
scattering  coefficient  is,  in  general,  a  function  of  frequency,  it 
follows  that 
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(31) 


^2^ (w) 


me 


which  can  be  conveniently  expressed  as  follows 


S2i(u) 


(1  - 


(32) 


Si/i/ilarly,  the  ainplitude  of  the  reflected  wave  can  be  expressed 
as  an  infinite  series.  A  closed  form  is  also  desired. 


v^=v:n^,{r+(i+r)(i-r)z(-rz)+(i+r)(i-r)z(-rz)(-rz)'+...}  (33a) 


v“=v't  r{l  -(l-r^)2"-(i  -r^  )2"r’  -(i-r^)2'^r'*-. .  .-(i  -r^)z“'^^^r‘'^}  (33b) 

H  1  nc 


V^'inc  -------  {i-(i-r')z'-(i-r')z"r'-(i-r')z^r'-... 

A  me 

_(l_r?)z2'^+V'" 


(33c) 


V’ =v‘^  -  —  {i-z‘’+r^z2-z’M-^+z^r^-z'rnz'r'’-...-z'"^^'’"+z'^’ 

A  me 

+  _  _  _^^m+2^m_^;n+2j,,n+2j  ^33^^ 


V-  =  l.r-rir 

A  me  p 


(33e) 
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A  closed  form  reldtion  between  Kie  incident  wave  enplitude  dnd  the 
reflected  Wiive  dii.plitudG  [lus  Lc^en  obtained.  As  with  the  tiwmsmissiun 
scattering  coefficient,  the  reflection  scattering  coefficient  can  also 
be  defined  as  a  function  of  frequency. 


S 


11 


(<o) 


- 

1  nc 


IL-- JDX 
(1  -  rwn 


(34) 


Therefore,  it  becomes  apparent  that  the  measurc/d  value  of 
reflection  coefficient  p  is  equal  to  tlie  reflection  scattering 
coefficient  and  the  transmission  coefficient  t  differs  from  the 
transmission  scattering  coefficient  by  the  phase  term  exp  (y^d) 

S,  =  p  =  (35) 

"  (1  -  rxn 
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ai-  xo  (_i_ 

(1  -  r-’z-n 


(1  -  rwn 


(36) 


where 


Y 


0 


(37) 


The  reflection  and  tm-inMni  ss  ion  scattering  ruefficionts  can  thus 


be  detennined.  The  following  details  ^fiow  how  tfioy  .ire  used  to  calculate 
the  complex  inu  and  epsilon  values  of  a  radar  absorber  design  material 
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A  variable  x  will  be  defiiicd  as  the  ratio  of  1  -  V-jV^ 
V  -  V 
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3y  direct  'ubsti  tution  of  the  rii:fiiiii,g  >  \i:n'!  ■:  j  ons  for  tlie  bcatlering 
coefficients  into  Eq  (40)  yields 

,  .  O+raO-zy). 

2i'(l  -  zO 

this  t-rurjiion  can  be  solved  for 

r  =  X  ^/x^  -  1  (4?) 

where  the  plus  or  lainus  si<jn  is  clicsin  to  t.atiiet  h<i  .:.a's  rui.^n  i  I  ude 
to  I'  ss  than  (.iuc  in  al'^rlute  value. 
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the  tollt'd.iag  equation 
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•nd  from  the  definition  of  z  =  exp  ( -j  d)  ,  define 
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Thus,  the  co-iplcx  pu'nn  tti  vi  ty  did  pcri.'Uobi  1  i  ty  mo  oasily 
calculated  from  a  knov;ledge  of  the  reflection  and  trciiisiiii ssi on 
scattering  coefficionts.  Rerause  the  reflection  coefficiofit  is 
i.Cteiured  using  »:n  !i -plane  s^^ctura^  horn,  the  Lio.ory  tliat  untiei'lies 
this  horn  will  be  presented  next. 
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The  followiny  Ihrory  on  the  H -pltnie  scctural  liorn  was  taken  from 


a  {Published  article  by  W.  L.  Barrow  and  k.  J.  Chu  (  1  939).  It  is 
presented  here  for  the  s[)ecial  case  which  was  ini[)leii  cntod  as  [‘art  of 
this  thesis. 

Using  the  geoii,etry  of  the  sc'ctoral  horn  depicted  in  Figure  4, 
Maxwell's  equations  in  a  fonn  suitable  for  our  problcsn  yield  the 
following  components  of  electric  field  (E^)  and  magnetic  field 

(Hp  .  H^)  . 


11 

LU 

B  cos(inv^)  Kniv  (2ii  ‘-) 

A 

(48) 

H 

P 

B  -  s  in(mv^*')  Kmv  {2-n 

(49) 

Ha  = 

<}> 

-Bj/^cos  K;])v  {2n  P) 

\J  V  A 

(50) 

In  these  expressions,  the  complex  (luantities  are  indcq'ondent  of  the 

time  and  depend  on  the  space  variable  only.  The  actual  field  is  the 

real  part  of  Ee'^'^''^  and  .  Mere  Kmv  is  the  derivative  of 

Kmv  ,  the  Hankel  function,  with  respect  to  its  argument  (2tt  and 

X  is  the  wavelength  of  a  plane  wave  in  an  unbounded  medium  of  constant 

inu  and  e[isilon.  The  remaining  comi'anents  of  field  are  /oro,  i.e., 

H  =  E  =  E^  -  0  . 

y  p  (f 

The  metal  is  assumed  to  have  an  infinitely  high  conductivity. 

The  boundary  conditions  require  tfiat  tlie  tanguntial  component  of  the 
electric  field  vanish  at  the  boundary.  Tfiere  is  no  electric  field  in 
our  wave  tangential  to  the  top  and  bottom  surfaces  of  the  horn,  licnee 


Figure  Sectoral  Horn  and  Cylindrical  Coordinate  Systen'. 


the  boundary  conditions  are  dutoinatii  ally  satisfied  for  y  =  0,a 

At  the  tv/o  sides,  wtiere  d  =  ’d  /2  ,  F.  must  vanish,  so  we  must 

0  y 

have 


cos  (i:]v4'q/2)  =  0 


This  equation  can  be  satisfied  by  letting  the  integer  m  be  odd 
(1 ,  3,  5,  . . .)  and 


The  integer  m  specifies  the  order  of  the  wave.  Physically,  it 
indicates  the  number  of  half-period  siriusoidal  variations  between  tne 
two  sides  of  any  component  of  the  field  along  an  arc  ^  ^  constant 
The  constant  v  depends  only  on  the  flare  angle  ,  as  specified 

by  Eq  (52).  Since  m  is  always  associated  with  v  as  a  product, 
the  product 


mv  =  (53) 

deteniiines  tiie  befiavior  of  the  wave  inside  the  horn.  Only  those 

H  waves  which  have  an  electric  field  of  even  syiiiinetry  about  the 
m,o  j  j 

center  of  the  horn  radiate  beams  with  a  central  lobe. 

Several  advantages  are  gained  by  using  the  sectoral  horn  for  the 
iiieasurement  of  reflection  and  transmission  coefficients.  Near  the 
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throat,  the  radial  coiii[)OrKM)t  of  the  fiiagnctic  field  is  still  of  ronsider- 
able  inaynitude,  but  in  the  more  distant  parts  of  the  horn,  where  p  is 
large,  tlie  coainonent  becoinos  negligible  coiiipared  to  the  other  two 

field  components.  Both  the  magnetic  and  electric  field  lines  are 
nonnal  to  each  other  and  to  the  direction  of  propagation,  and  tfie  waves 
at  the  mouth  of  the  horn  behave  very  fiiuch  as  do  transverse  electro¬ 
magnetic  waves  in  free  space.  Thus,  a  sample  placed  at  the  TOuth  of 
a  sectoral  horn  with  a  large  radius  (p)  would  experience  a  closely 
approximated  normally  incident  plane  wave  condition. 

Lower  signal  power  requirements  can  be  realised  by  using  the 
sectoral  horn  to  approximate  a  normally  incident  plane  wave  on  the 
sample.  The  usual  technique  to  obtain  a  plane  wavefront  is  to  remove 
the  ianiple  far  from  the  transmitting  source.  In  this  case,  power  loss 
increases  with  separation.  The  sectoral  horn  allows  the  sample  to  be 
placed  within  the  mouth  area,  as  if  inside  a  wave  guide,  where  the 
power  is  reduced  only  by  wall  losses. 

The  total  area  of  the  sample  used  for  measurements  is  typically 
greater  than  that  of  samples  used  in  the  time  domain.  This  aspect 
would  reduce  some  of  the  delicate  machining  needed  to  /^ake  small 
samples . 
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111.  f 

During  the  course  of  this  v;ork,  there  were  tv/o  operating  systems 
developed.  The  first  system  was  a  test  setup  and  used  an  anechoic 
chamber  and  a  modified  H-plane  sectoral  horn  to  measure  the  transmission 
and  reflection  coefficients,  respectively.  4  full  description  of  this 
setup  IS  provided  in  Appendix  B.  The  second  systejn  utilizes  the  two 
H-plane  sectoral  horns.  It  is  this  second  system  which  is  reported 
on  in  the  main  body  of  the  thesis. 

The  major  pieces  of  equipment  used  in  the  frequency  don^ain 
measurement  system  will  be  described  first.  Then  a  full  description 
of  how  these  major  pieces  of  equipment  are  assembled  for  intrinsic 
property  measurements  will  be  given. 

The  equipment  used  to  support  this  thesis  project  consisted  of 
a  frequency  synthesizer  which  served  as  the  signal  source,  a  netv/ork 
analyzer  used  for  making  relative  decibel  amplitude  and  phase  measure¬ 
ments,  a  two  sectoral  horn  assembly  and  sample  holder  used  to  measure 
reflection  and  transmission  coefficient  parameters,  and  a  Hewlett- 
Packard  ^IMX  RTE  computer  used  to  control  the  measurement  setup.  The 
complete  measurement  setup  is  diagrammed  in  Figure  1. 

Fre^guency  Synthesizer 

The  signal  source  is  a  Watkins  and  Johnson  model  1P04-1;  rapidly 
tunable  aver  a  frecjur^ncy  range  of  0.1  to  P6  GHZ.  The  following 
information  was  taken  from  the  Watkins  and  Johnson  lPO^-1  specification 
sheet.  The  frequency  resolution  is  10  kHz  from  100  MHz  to  249.99  MHz, 
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100  kHz  from  250  MHz  to  1.9999  GHz,  and  1  MHz  from  2  -  26  GHz.  The 
frequency  is  displayed  with  a  five-digit  LED,  in  GHz,  with  floating 
decimal.  The  frequency  accuracy  is  +  0.00035%  for  180  days  over  a 
0  -  50°  C  range.  A  single  frequency  can  be  selected  on  the  keyboard 
with  the  enter,  ENT,  button  and  displayed  on  the  LED.  The  frequency 
can  be  slewed  up  or  down  in  1,  10,  and  100  MHz  steps  as  selected  on 
the  INCREMENT  controls.  The  synthesizer  sweeps  repetitively  upward 
within  the  following  bands:  0.1  -  1  GHz,  1  -  2  GHz,  2-8  GHz, 

8-13  GHz,  13  -  18  GHz,  and  18  -  26  GHz.  The  aE  symiiiietrical  s;veep 
about  phase-locked  center  frequency  F  which  is  displayed  on  the  LED 
readout  is  0  to  ±  0.1%  of  F  .  The  synthesizer  provides  0  dBm  (1  niw) 
minimum  leveled  output  pov;er.  The  variations  in  leveled  power  for 
the  0  dB  attenuator  setting  is  ±  1  dB  over  the  range  of  0.1  -  26  GHz. 
The  output  power  can  be  attenuated  over  a  range  of  0  to  90  dB  in 
10  dB  steps.  The  output  power  accuracy  (nicter  reading  plus  attenuator 
setting)  is:  0  dB  attenuator  setting,  0.1  -  18  GHz,  "  1  dB  and 
18  -  26  GHz,  ±  1  dB;  10  dB  -  90  dB  attenuator  setting,  t  2  dB  and 
18  -  26  GHz,  t  2.5  dB. 

Netv/ork  Anajyzer 

The  network  analyzer  is  a  Hewlett-Packard  Model  8'IIOA  with  a 
phase-gain  indicator.  The  8413A  phase-gain  inuicator  uses  a  meter 
display.  The  8411A  harmonic  frequency  converter  provides  RF-to-lF 
conversion.  The  841  lA  converter  has  l)een  i-odified  under  Option  018 
to  work  across  the  Ku  band.  The  VSWR  at  the  reference  cind  test  (/ort 
under  Option  018  increases  to  10  at  18  GHz.  Measurements  are  based 
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on  the  use  of  tv;o  wideband  samplers  to  convert  the  input  frequencies 
to  a  constant  IF  frequency.  RF-to-IF  conversion  takes  place  entirely 
in  the  harmonic  frequency  converter,  which  converts  frequencies  over 
a  range  of  12.4  -  18  GHz  to  20  MHz  IF  signals.  The  phase  and  amplitude 
of  the  two  RF  input  signals  are  maintained  in  the  IF  signal.  The 
network  analyzer  mainframe  provides  the  phase-lock  circuitry  to 
maintain  the  20  MHz  IF  frequency  while  frequency  is  being  swept,  takes 
the  ratio  of  the  reference  and  test  channels  by  use  of  identical  AGC 
amplifiers,  and  then  converts  down  to  a  second  IF  at  278  kHz.  It  also 
has  a  precision  0  to  69  dB  IF  attenuator  with  10  and  1  dB  steps  for 
accurate  IF  substitution  measurements  of  gain  or  attenuation.  The 
frequency  domain  measurement  setup  utilized  the  following  piece  of 
equipment  during  data  measurements:  a  plug-in  for  the  8410A  mainframe, 
the  8413A  phase-gain  indicator.  It  compares  the  amplitudes  of  the  two 
IF  signals  and  provides  a  meter  readout  of  their  ratio  directly  in 
dB  with  0.1  dB  resolution.  It  also  compares  phase  in  degrees  over  a 
360^  unambiguous  range  with  0.2°  resolution  on  the  meter.  Phase 
difference  is  presented  on  the  same  meter  when  the  appropriate  function 
button  is  depressed.  This  plug-in  has  two  analog  output  ports 
accessible  from  the  front,  one  for  dB  amplitude,  20  mv/dB,  and  one 
for  phase,  50  mv/degree. 

Horn_  Assemblj^ 

The  H-plane  sectoral  horn  assembly  and  sample  holder  is  constructed 
from  aluminum.  There  are  throe  major  parts  comprising  this  assembly. 

The  two  horns,  the  sample  hoi der/reference  slide  section,  and  the 
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saiiiple  holder  itself.  The  individual  pieces  are  depicted  in  Figure  5. 

The  two  sectoral  horns  are  placed  mouth  to  inouth  ond  form  the 
central  part  of  the  measurement  system.  The  full  length  of  the  horn 
section  is  310.5  cm.  The  inner  diniensions  at  the  end  flange  region 
are  1 .6  cm  x  0.8  cm,  and  at  the  mouth  9.5  cm  x  0.8  cm.  The  two  horns 
are  connected  at  the  sample  holder  area. 

The  safiiple  holder  section  is  made  up  of  a  6  cm  x  5  cm  x  1  5  cm 
solid  block  slider  which  fits  inside  the  10.5  cm  x  11  cm  x  15  cm 
rectangular  housing.  There  are  three  windows  cut  along  the  length  of 
the  slider  section.  In  the  center  window,  the  slider  section  has  a 
shorting  plate  made  of  stainless  steel  used  to  obtain  the  reference 
for  making  reflection  coefficient  measurements.  At  one  end  of  the 
slider,  there  is  an  open  rectangular  window  measuring  9.5  cm  x  0.8  cm 
which  is  used  to  obtain  the  reference  for  ii.aking  transmission  coefficient 
measurements.  The  third  window  is  used  to  hold  the  sample  during 
measurement. 

The  sample  holder  is  removed  from  the  slider  section  during 
sample  installation.  The  overall  dirnensions  of  the  sample  holder  are 
11.3  cm  x  5  cm  X  3  cm.  A  9.5  cm  x  0.8  cm  window  in  the  sample  holder 
serves  to  accof.Mmodate  the  sample.  A  set  screw  at  one  side  is  used  to 
apply  a  small  amount  of  pressure  on  the  sample  to  hold  it  in  place  so 
it  does  not  become  misaligned  during  installation  of  the  sample  holder 
in  the  si ider , 

A  gauge  block  is  used  when  mounting  the  Soiple  material  into  the 
sample  holder.  The  gauge  block  provides  a  means  to  position  the 
sample's  front  face  at  the  same  plane  as  the  shorting  plate  for 
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reflection  coefficient  nicasuremcnts .  Tfie  soi'iple  holder  is  placed 
on  the  cjauye  block  with  the  1.119  cm  raised  section  inserted  in  the 
sample  window.  The  sample  is  placed  in  the  sample  window  and  forced 
firmly  against  the  raised  section  as  the  set  screw  is  tightened. 

The  Hewlett-Packard  21MX  computer  is  used  to  control  the  data 
measurement.  The  frequency  synthesizer  is  coiriiiianded  to  a  discrete 
frequency  by  the  computer  and  a  data  measurement  taken  thi'ough  the 
computer  A/D  converter  connected  to  the  outputs  of  the  network  analyzer. 
The  disk  subsystem  and  I/O  devices  are  used  to  store,  process,  and 
display  the  results  of  a  data  run.  The  computer  software  is  provided 
in  Appendix  A. 

With  some  insight  into  the  main  parts  of  the  frequency  domain 
iiieasureiiiGnt  system,  tfie  rest  of  this  chapter  will  deal  with  describing 
the  system  as  a  w'hole  and  how  it  is  interconnected.  This  description 
is  an  amplification  of  Figure  1. 

Me_a_s_u/eii  jO  n  t_  ^yjjt  em 

The  Watkins  and  Johnson  1204-1  Synthesizer  serves  as  the  signal 
source.  It  is  cominanded  by  the  21MX  coitipuier  to  discrete  frequencies 
as  part  of  the  intrinsic  property  mcasurofiient  routine.  The  RF  signal 
is  routed  from  the  signal  synthesizer  to  the  Ku  band  wave  guide  by 
iiicans  of  a  six  foot  coaxial  cable  (C1P03-72  B^tW  Associates,  Inc., 

Bur  1  ington J^A) .  The  cable  connects  into  a  Narda  4609,  12.4  to  18  GHz, 
coaxial  to  wave  guide  adapter.  The  fJarda  adapter  is  attaciicd  to  a 
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20  dB  h'ewlett-Pcickar'd  (iiP)  dirfM'lional  coupler,  model  nuiilter  P/B?D. 

The  20  dB  coupler  couples  a  [portion  of  the  signal  into  the  reference 
port  of  the  HP  8411  fidniionic  rrcHjuency  Convurter  (ii:odified  with  Option 
018  to  extend  its  capability  from  12.4  to  18  GHz),  Tiie  Hidin  RF  sicrtal 
is  fed  into  a  second  directional  coupler.  This  second  HP  directional 
coupler.  Model  P7b2A,  couples  3  dB  of  the  signal  into  a  third 
directional  coupler  and  sends  the  rest  of  the  signal  into  a  matc-.ed 
load.  The  third  HP  coupler,  model  number  P/52A,  is  used  to  couple 
3  dB  of  reflected  signal  from  the  sample  or  short  into  an  FXR  model 
Y641A  switch  and  then  into  the  test  port  of  the  harmonic  frequency 
converter  during  reflection  coefficient  measurements.  During  trans¬ 
mission  coefficient  measurements,  any  reflected  signal  coupled  through 
this  3  dB  coupler  is  switched  into  a  Waveline  Type  754  matched  load. 

For  transmission  coefficient  fi]casurcf;ients ,  the  RF  signal  which 
transmits  through  the  sample  is  routed  into  tfie  test  [.>ort  of  the 
harmonic  frequency  converter  through  a  PRD  Flectronics,  Inc.  Type 
1208  Isolator  and  the  switch.  The  transdii  tted  signal  through  the 
sample  is  terminated  in  a  matched  load  at  the  switch  during  reflection 
coefficient  measurements. 

The  harmonic  freciuency  converter  provides  the  IF  signal  to  the  HP 
8410B  Network  Analyzer.  The  analog  amplitude  and  phase  ports  on 
the  front  of  the  HP  8413A  Phase-Gain  Indicator  are  read  by  the  computer. 
An  HP  Plug-In  20  KHz  Analog-to-Dig  i  tal  Interface  Sybsystf*!'!]  located  in 
the  21MX  computer,  iiiachine  model  [iP2108A,  converts  the  analog  inputs 
to  digital  values  used  for  com[)utation.  A  Tektronix  4006-1  CRT 
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Tonninal  is  the  operator  control  center  for  soiiiple  i’.<'asure-:  ients . 
Finally,  the  processed  mu  and  epsilon  data  are  routed  from  the 
cbinputer  to  the  HP  ?635A  Line  Printer  or,  for  plots  of  inu  and 
epsilon,  to  tlie  Tektronix  4631  Hard  Copy  Unit. 


IV.  rr'ocrclure 

1.  The  S(!i  pie  is  prepared  by  cutting  a  9.5  x  0.8  chi  i  cctangul or  piece 
from  the  (material  to  be  HCosured. 

la.  The  sample  is  cut  to  fill  the  sample  window  co::ipl etc-ly . 

lb.  The  thickness  of  the  sample  in  mils  is  detern,ined  for  use 
in  the  computer  program. 

2.  The  frequency  synthesizer  and  network  analyzer  are  turned  on  for 
a  half  hour  before  any  measurenients  are  to  be  taken. 

3.  The  frequency  synthesizer  and  network  analyzer  are  adjusted  for 
making  measurements.  The  slider  section  in  the  saiViple  holder  osseiiibly 
is  positioned  with  the  shorting  plate  in  the  sectoral  horn  and  the 
reflected  signal  line  is  switched  to  the  test  port  of  the  harmonic 
frequency  converter  as  shown  in  Figure  1. 

3a.  The  local/reniote  switch  at  the  back  of  the  frequency 
synthesizer  is  placed  in  local. 

3b.  The  Ku  band  midrange  frequency  of  15  GHz  is  entered  at  the 
frequency  synthesizer  keyboard  and  the  output  signal  power 
level  is  set  to  +3  dbm. 

3c.  The  network  analyzer  is  adjusted  to  read  0  dB  on  the  3  dB 
amplitude  scale  by  means  of  the  amplitude  vernier  and  the 
afiiplitude  gain  amplifier. 

3d.  The  amplitude  meter  is  switched  to  the  30  dB  scale  and  an 
additional  30  dB  is  added  to  the  test  signal  amplitude. 
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(jain  r.ii.plifier  to  insur'G  an  ndecjuate  0['crdtirig  v.',c-n 

[i;ak  i ng  liiGciSUiaMM-^nts  . 

3e.  The  pfiase  offset  dial  on  i)]e  network  analyzer  is  placed 
dt  This  value  is  arbitrary  since  the  coefficient 

[liase  iioasurer.t  nts  are  only  difference  values  between  a 
reference  pha^e  and  the  [Ti^ise  associated  with  reflections 
off  and  transmissions  through  the  sas'ple. 

3f.  The  1  ocal /reniote  switch  on  the  frequency  syntfiesizer  is 
set  to  remote.  This  ^iiode  enables  coiniMunicati ons  betw'een 
the  computer  and  frequency  synthesizer. 

4.  The  computer  piogram  is  initiated  and  a  stateinent  about  the 
sample  is  typed  in  for  use  as  a  heading  on  the  relotive  mu/epsilon 
output  data  at  the  line  printer. 

4d.  The  sample  thickness  in  mils  is  entered  for  use  in  calcu¬ 
lating  the  relative  mu/epsilon  data  of  the  sample. 

4b.  The  beginning  and  ending  frequencies  in  GHz  are  entered 
next. 

4c.  The  number  of  frequencies  to  be  iDcasured  is  entered.  The 
frequency  increment  is  dolcriiiined  in  the  coi^i'uter  routine 
by  the  equation 

Tnd  frequency  -  Start  frequency 
No.  of  frequencies  to  be  Measured  -  1 

This  routine  allows  the  first  frequency  measured  to  be  the 
start  fre('|iief)cy . 
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4d.  Tfie  (i/id  listing  is  displuynd  nn  the  CRT  arid  the 

charac tori s t i c  of  tlie  systenn  can  now  i;e  i.r.isured. 


5.  Under  ideal  conditions,  the  rolativo  mu  and  epsilon  values  are 

dott  rrdned  using  the  free  sj.jce  values  and  .  However,  it 

is  possible  to  ii'Casure  a  and  value  fur  the  frequency  doiaain 

system  which  has  slight  deviations  f r'oin  the  fi'ee  space  values.  These 

new  ii.casured  values  of  u  and  c  can  be  ccniplex  and  characterize 

0  0 

how  well  the  frequency  domain  mcasurcii.ent  system  approximates  free 

space.  A  typical  plot  of  and  charac terizi ng  the  rncasuf'e/ent 

system  is  given  in  Figure  6A  and  6B.  The  system  measured  values  of 

ij  and  c  are  used  to  renonfialize  the  relative  mu  and  ci^silon  data 
0  0 

calculated  for  the  sainple  prior  to  output. 

5a.  The  sample  holder  with  no  sample  installed  is  used  in  the 
system  characteristic  jiieasui  emont. 

5b.  The  ^  acting  plate  is  placed  at  the  center  of  the  horn 
assembly  and  the  reflection  signal  line  is  switched  into 
the  test  port  of  the  harmonic  frequency  converter. 

5c.  The  reflection  coefficient  measurement  routine  is  entered 
and  the  reference  values  are  measured  and  stored. 

5d.  At  tfiG  end  of  tlie  I'efci  once  ineasurei' ent  routine,  the  saniple 
holder  window  is  placed  at  the  center  of  the  horn  assembly 
and  the  sample  inecisurement  routine  entered. 

5e.  At  the  end  of  tfie  sample  mt. asunmient  I'outinc,  the  computer 
has  calculated  and  stored  the  reflection  coefficient  values. 
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gure  63.  Frequency  Domain  (Imaginary)  Chracteri stic  of  Mu  and  Epsilon 


5f.  At  this  time,  the  slider  is  rGi)Os  i  tion<‘d  with  llie  open 


reference  window  at  the  center  of  the  fiorn  assembly  and  the 
transmission  signal  line  is  switched  into  the  test  [lort  of 
the  harmonic  frequency  converter, 

5g.  The  trans/uission  coefficient  mcasurefuent  routine  is  entered 
and  the  reference  values  through  the  open  window  are  measured 
and  stored. 

5h.  When  the  reference  measureinents  are  complete,  the  saiiiple 
window  is  again  slid  to  the  center  of  the  horn  assembly 
and  the  sample  measurement  routine  entered.  The  trans¬ 
mission  coefficient  is  calculated  and  stored. 

5i .  At  this  point,  the  mu/epsilon  calculation  routine  is 

i 

I 

entered.  During  this  calculation,  the  thickness  value 
used  for  computation  of  mu  and  epsilon  is  200  mils  if  this 
is  the  first  iiioasurcinent  run  after  entering  tfie  program. 

If  this  is  not  the  first  incdsurement  run  after  entering 
the  program,  the  thickness  value  used  for  calculation  is 
that  thickness  entered  at  the  beginning  of  the  program  for 
the  sample. 

5 j .  The  system  characteri sti c  values  are  stored  for  r’enorinali- 
zation  of  sample  relative  mu  and  epsilon  values. 

6.  The  reflection  coefficient  fhtmsurenient  m^utine  is  r  e -frit  (oc^d  and 
the  sample  to  be  ii,(  ro  ured  is  installc'd  in  tite  s.;i4>le  holder. 

6a.  The  sample  holder  is  r('!iov(‘d  from  the  slider  section  and 
placed  on  tfio  gauge  block  with  tfie  raised  section  inserted 
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in  the  sa;;/ple  window  such  that  the  set  screw  is  to  the 
right.  The  sample  is  inserted  and  pressed  finnly  against 
the  raised  section  of  the  gauge  block.  The  set  screw  is 
adjusted  to  hold  the  sample  tightly. 

6b.  The  sample  holder  is  re-installed  in  the  slider  section 
with  the  set  screw  away  from  the  shorting  plate. 

6c.  The  mu  and  epsilon  values  are  determined  by  following  the 
steps  from  5b  to  5i . 

7.  The  relative  mu  and  epsilon  values  calculated  for  the  saiiiple  are 
renormalized  and  then  routed  as  numeric  data  output  to  the  line 
printer  or  as  plots  to  the  hard  copy  unit.  Wlien  the  plot  o|)tion  is 
used  to  display  the  output  data^  a  stcJicvient  about  the  sai'iple  must 
be  entered  to  serve  as  a  title  for  the  plots. 


V. 


Pa  Mi  l  ts_ 

To  deiiions tralc  the  feasibility  of  t!ic  donoin  i.Lcj^’iire- 

iM.-nt  system,  fiberglass,  tv;o  litieTnossM  of  plr.Aigl.^s,  lerion,  and  an 
rCM-  40  etbsorber  were  risodsurod  and  their  relative  [)r  r mi  t ti vi  ty  and 
['01  i  /  cibi  1  i  ty  values  calculated.  These  values  v/ere  cofripat'ed  to  the 
relative  permittivity  and  pen;  oabil  i ty  for  the  saiKe  fiberglass, 
plexiglas,  teflon,  and  f  GM-40  absorber  ma tu-rial  s  i(,easured  on  the  time 
domain  system.  Because  the  frequency  domain  system  was  designed  to 
operate  in  the  Ku  band,  12.4  to  18  GHz,  and  the  time  domain  data  were 
valid  below  16  GHz  (Nicolson,  1974),  the  data  were  compared  between 
the  two  systems  only  from  12.4  to  16  GHz. 

Expect ed_  Res u1  ts 

The  relative  permittivity  values  measured  for  fiberglass, 
plexiglas,  and  teflon  materials  are  provided  in  the  table  of 
dielectric  materials  given  below  (Hippel,  1958). 


Dielectric  Ma  te  rial 

T  °C 

.1  GHz_ 

•  3.  GHz 

3  GHz 

10  o!-; 

tarn  i  ria  ted  F  i  be rg lass 

24 

4.8 

4.54 

4.40 

4.37 

tan  6 

260 

240 

290 

:'f>o 

Plexiglas 

27  c" 

— 

2.66 

2.60 

2.99 

tan  6 

--- 

62 

57 

67 

Teflon 

22 

2.1 

2.1 

2.1 

2 . 08 

tan  6 

<  2 

1  .5 

1.5 

3.7 

Values  for  tan  6  are 

ir.ul  tipi  ied  by  10'*. 
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The  ponneabil  ity  value  for  Ifiese  dielectrics  is,  of  course, 
p  =  where  =  1  ■ 

It  is  not  known  whether  the  laininated  fiberglass  listed  in  the 
table  above  was  the  same  type  of  fiberglass  material  used  in  the 
thesis  v/ork.  However,  the  permittivity  value  given  above  coi:. pares 
extremely  well  with  that  value  obtained  on  the  time  domain  system  at 
10  GHz. 


Fiberglass  ^ mple 

The  time  domain  data  for  the  fiberglass  sample  are  given  in 
Figure  7A  and  7B.  The  plot  of  the  time  domain  data  is  for  a  single 
measurement  run.  The  frequency  doniain  data  for  the  fiberglass  safnple 
are  presented  graphically  in  Figure  8A  and  8B.  The  frequency  domain 
data  are  the  statistically  averaged  relative  epsilon  and  mu  values 
from  ten  separate  measurement  runs.  It  is  assumed  that  the  data 
values  at  any  given  frequency  are  normally  distributed.  The  standard 
deviation  is  depicted  on  the  plot  as  a  vertical  line  above  and  below 
the  mean.  A  complete  listing  of  the  average  values  of  relative 
permittivity  and  periiir  abil  i  ty,  along  with  the  standard  deviation,  is 
presented  in  Table  I.  The  complex  permittivity  and  permeability 
values  calculated  for  the  fiberglass  sample  are  co/npared  for  the 
frequency  range  of  12.4  to  16  GHz  in  Table  II. 

First  Pl(^xiglas  famjile 

The  complex  permittivity  and  permeability  values  tiK'asured  on  the 
time  domain  for  the  64.5  mil  plexiglas  sample  are  plotted  in  Figure 
9A  and  9B.  Again,  these  data  are  for  a  single  mcasuren.ent  run.  The 
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SAMPLE:  FIBER  CLASS  134.5  MILS  10-8-80 


FREQ<G 


BERG 


TABLE  I 

SAMPLE;  FIBLRr.LASS 

FREQUENCY  DOMAIN  DATA  THICKN'f-'SS  =  134.5  MILS 


FREQUENCY 


_  (GHz) 

c  ' 

s 

s 

s 

M 

y  _ 

s 

9.2 

1  , 

.25 

.05 

.26 

.04 

1  .39 

.04 

-.11 

.03 

9.6 

2, 

.17 

.05 

.30 

.07 

1  .44 

.04 

-.11 

.03 

10.0 

3. 

.07 

.07 

.11 

.06 

1  .48 

.04 

.01 

.02 

10.4 

3. 

,96 

.09 

.38 

.06 

1  .21 

.02 

-.06 

.02 

10.8 

4, 

.13 

.05 

.19 

.10 

1  .00 

.02 

-.00 

.01 

11.2 

4, 

.07 

.11 

.18 

.08 

1.02 

.02 

.04 

.01 

11.6 

4. 

,08 

.12 

.48 

.13 

1  .01 

.03 

-.12 

.03 

12.0 

4, 

,60 

.14 

.54 

.26 

.94 

.02 

-  .08 

.04 

12.4 

5, 

.01 

.21 

.47 

.27 

.88 

.02 

-.07 

.03 

12.8 

4 

.83 

.17 

.36 

.16 

.92 

.02 

-  .06 

.02 

13.2 

4, 

.46 

.18 

.68 

.17 

1.00 

.02 

-.14 

.03 

13.6 

4. 

.26 

.15 

.57 

.37 

1  .05 

.02 

-  .07 

.08 

14.0 

4, 

.48 

.25 

.42 

.41 

1  .05 

.01 

-  .04 

.11 

14.4 

4, 

.69 

.23 

.03 

.34 

.98 

.01 

.03 

.08 

14.8 

4, 

.74 

.11 

.16 

.19 

.96 

.01 

-.03 

.03 

15.2 

4, 

.53 

.05 

.37 

.14 

.99 

.01 

-.05 

.03 

15.6 

4, 

.27 

.08 

.76 

.14 

1  .03 

.01 

-.11 

.08 

16.0 

3, 

,97 

.10 

.61 

.15 

1  .09 

.01 

-.11 

.03 

16.4 

4, 

.14 

.10 

.13 

.14 

1  .05 

.01 

-.00 

.02 

16.8 

4, 

.88 

.14 

- 

.60 

.15 

.91 

.01 

.09 

.02 

17.2 

5. 

,72 

.27 

- 

.94 

.29 

.78 

.03 

.10 

.03 

17.6 

6. 

.78 

.59 

- 

.04 

.62 

.67 

.  06 

.02 

.  08 

18.0 

6. 

.70 

.68 

.99 

.85 

.65 

.08 

-.06 

.13 

18.4 

6, 

,56 

1.16 

1 

.25 

.91 

.67 

.11 

-.07 

.11 

18.8 

4, 

.45 

.54 

.44 

.46 

.92 

.09 

-.27 

.07 

19.2 

2, 

.67 

.22 

1 

.09 

.20 

1  .37 

.06 

-.53 

.10 

53 


jnb 


fre^juuncy  donioin  data  for  a  65.5  inil  plcxiylas  s./niple  is  sliown  in 
Fiour'c  lOA  and  lOB,  As  t)ofore,  this  frot^uoncy  doi;.ain  data  is  tfie 
u:c<in  and  standard  deviation  for  ten  data  runs.  The  laean  and  standard 
deviation  calculated  for  the  it)u  and  epsilon  values  are  piesented 
in  Table  III,  The  comparison  for  the  time  domain  and  frec^uency 
dciiiain  data  is  piesented  in  Table  IV  for  the  frequency  range  from 
12.4  to  16  GHz. 

Second  flex ample 

The  time  domain  data  obtained  for  the  174  mil  plexiglas  sample 
are  presented  graphically  in  Figure  llA  and  IIB  for  a  single  nioasure- 
ii.cnt  run.  The  frequency  domain  data  for  the  174  mil  plexiglas  saii.pl e 
are  presented  in  Figure  12A  and  1?B.  As  before,  the  frequency 
doiiiain  data  are  the  liiean  values  of  ten  runs  and  the  standard  deviations 
are  presented  in  Table  V.  The  co:;:parison  of  tfie  174  mil  plexiglas 
data  for  the  time  and  frequency  domain  systruns  from  12.4  to  16  GHz 
are  given  in  Table  VI , 

Repeatabi 1 i 

The  statistics  developed  for  the  fictiuency  do'i.ain  data  nioasui^c- 
nients  show  the  repeatability  of  the  measuniMont  tecriiii ':ue .  Puring 
each  of  the  data  runs  the  network  analyzer  vras  turned  off  and  on, 
or  the  sample  was  rcanoved  f r  Oin  tlie  sciiiplc  holder  and  rC' instal  led. 

The  system  configuration  did  not  allow  for  power  t  f  :iioval  from  the 
computer  or  the  fre(|uency  syntfies i/er. 
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recuency  [/o.'ain  (rleal 


tabu:  hi 


SAMPLE: 

rRLQLILNCY  DOMAIN  DATA 


f REQULNCY 


9 

.2 

1 

.57 

.12 

1.22 

9 

.6 

2 

.10 

.11 

1  .40 

10 

.0 

P 

.54 

.11 

.69 

10 

.4 

? 

.23 

.06 

.25 

10 

.8 

P 

.66 

.05 

.43 

11 

2 

2 

.57 

.07 

.35 

n 

.6 

P 

.68 

.04 

.23 

IP 

0 

2 

.62 

.04 

.16 

IP 

4 

2 

.71 

.04 

.11 

1  p 

8 

2 

.63 

.06 

.21 

13 

2 

2 

.60 

.05 

.26 

13. 

6 

2 

53 

.04 

.19 

14. 

0 

2 

45 

.04 

.05 

14. 

,4 

2. 

,47 

.02 

-.06 

14, 

.8 

2, 

.53 

.05 

.07 

15. 

,2 

2. 

,60 

.05 

.17 

15. 

,6 

2. 

,51 

.03 

.32 

16. 

0 

2. 

,38 

.03 

.29 

16. 

4 

2. 

,48 

.03 

.05 

16. 

8 

2. 

,61 

.04 

-.25 

17. 

2 

2, 

.75 

.05 

-.18 

17. 

6 

2. 

,73 

.03 

.10 

18. 

0 

2. 

.72 

.04 

.30 

18. 

4 

P. 

,65 

.  05 

.38 

18. 

8 

o 

• 

56 

.05 

.37 

19. 

P 

p. 

42 

.06 

.30 

Pll  XICLAS 

THICKNESS  =  65.5  MILS 


s 

}i ' 

II 

s 

05 

1  .65 

.02 

. 

.15 

.03 

18 

1  .39 

.06 

-1 

.12 

.03 

21 

.93 

.05 

.83 

.09 

07 

.73 

.05 

- 

.52 

.03 

05 

1  .00 

.04 

- 

.31 

.03 

04 

1  .04 

.03 

.21 

.04 

04 

.83 

.01 

- 

.10 

.05 

06 

.89 

.02 

.05 

.05 

07 

.94 

.03 

.03 

.04 

05 

.96 

.03 

.07 

.04 

05 

.94 

.04 

.09 

.03 

02 

1  .01 

.03 

- 

,06 

.03 

03 

1.10 

.03 

- 

,04 

.04 

02 

1.12 

.03 

- 

,01 

.('■2 

04 

1.15 

.03 

,00 

.01 

06 

1.13 

.03 

,03 

.02 

03 

1  .05 

.04 

- 

,0^ 

.02 

03 

1  .03 

.03 

- 

,13 

.02 

04 

1.05 

.02 

- 

.06 

.02 

04 

1.06 

.03 

- 

.09 

.01 

03 

1.00 

.02 

.10 

.03 

03 

1  .00 

.03 

.01 

.02 

03 

.95 

.03 

,08 

.03 

04 

.95 

.03 

- 

.18 

.03 

03 

1  .01 

.02 

- 

,21 

.04 

06 

1  .15 

,04 

- 

.18 

.04 

60 
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TABLE  V 


SAM  PI  E  ; 

FREQIJi;NCY  DO! 'A IN  DATA 


■RLQUENCY 
jGHz)  . 

E  ' 

s_ 

.e'l 

9.2 

1.12 

.03 

.01 

9.6 

1  .52 

.05 

-.00 

10.0 

1  .95 

.07 

-.13 

10.4 

2.39 

.03 

-.21 

10.8 

2.60 

.04 

-.11 

11  .2 

2.51 

.07 

-  .08 

11.6 

2.45 

.04 

.21 

12.0 

2.54 

.07 

.25 

12.4 

2.71 

.10 

.21 

12.8 

2.69 

.10 

.15 

13.2 

2.57 

.05 

.30 

13.6 

2.56 

.04 

.32 

14.0 

2.64 

.03 

.25 

14.4 

2.76 

.03 

.01 

14.8 

2.72 

.04 

.06 

15.2 

2.60 

.03 

.10 

15.6 

2.51 

.03 

.20 

16.0 

2.39 

.04 

.17 

16.4 

2.44 

.04 

.16 

16.8 

2.68 

.04 

-.08 

17.2 

2.83 

.08 

-  .  38 

17.6 

3.14 

.08 

-.37 

18.0 

3.19 

.10 

-.07 

18.4 

3.94 

.39 

-  .31 

18.8 

2.96 

.24 

.66 

19.2 

1  .63 

.07 

.77 

PLEYl C) AS 

TiilCO;!,'!  SS  -  1/4  MILS 


s 

s 

04 

1  .09 

.03 

.06 

07 

1  .29 

.05 

.05 

09 

1  .38 

.07 

.03 

04 

1  .13 

.02 

-  .08 

04 

1  .00 

.01 

-.01 

,05 

1  .02 

.02 

.01 

,04 

1  .04 

.03 

-.10 

,05 

.94 

.03 

-.07 

.07 

.91 

.01 

-.07 

.07 

.95 

.01 

-.07 

.06 

1  .01 

.01 

-.10 

.05 

1  .01 

.02 

-.07 

.04 

1  .01 

.01 

-.04 

.05 

.95 

.01 

-.00 

.03 

.98 

.01 

-.03 

.02 

1  .00 

.01 

-.04 

.04 

1  .03 

.01 

-.06 

.05 

1.07 

.01 

-.06 

.04 

1  .05 

.02 

-.02 

.04 

.96 

.01 

.05 

.08 

.88 

.01 

.10 

.09 

.83 

.02 

.06 

.07 

.84 

.03 

-  .00 

.26 

.72 

.04 

.02 

.11 

.90 

.04 

-.19 

.06 

1  .31 

.04 

-  .53 
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Ti'i  'CiH  S.;:  [  le 

Tl)e  tii.te  dui^din  ddta  for  tiio  toflon  sample  ove  given  in  ('igure 
13A  and  13B.  i'liG  j.'lut  of  the  tim.o  dcmain  data  is  for  a  single 
:  :r\]^Lirt  run.  The  fresiuency  dn!;ain  data  for  tfie  teflon  s-  pie 
is  j  re:‘ t.  jjt(.‘d  grdj'fi  i  ca  1  ly  in  figure  14A  and  14B.  The  fres.u.  iicy 
vin.'.ain  data  plots  ure  for  a  single  mCdSureincnt  run.  A  co;:plete 
listing  of  the  duaiain  d^ta  is  given  in  Table  VII.  The 

comparison  of  time  and  frequency  du’.ain  data  is  p{csentGd  in 
Table  VIII  for  the  frequency  range  from  12.4  to  16  GHz. 

FGM-40  Absorber  Sample 

The  ICa\-40  al^sorber  is  com[x.Jsed  of  ferrites  in  silicon  rtd>ber. 

It  is  an  Fccosorb  high^loss  iiiicrowave  nbsorber.  The  relative  mu  and 
epsilon  values  calculated  for  the  f  u/i-40  Ld  sofder  on  the  ti/se  do-^ain 
system  are  presented  graphically  in  figure  ISA  .nid  1  bB .  The  ffL-quency 
domain  data  of  relative  mu  and  epsilon  are  graphically  presented  in 
figure  16A  and  16B.  Both  the  time  domain  and  frequency  doi-ain  plots 
are  for  a  single  naseui  ei^ent  r'un.  The  coi'iplete  listing  of  lehitive 
mu  and  epsilon  values  limasur'ed  with  the  frequency  ciorrmn  systr*:n  is 
given  in  Table  IX.  Ifie  eorpurisun  Tor  tfie  iiv<x:  d’‘>ain  <:iid  fre-...vncy 
doc.ain  data  froin  12.4  to  16  GHz  is  given  in  Talde  X. 

Co:r<parison  of  tir-e  x.nd  freognMicy  domain  ddta  ,'oints  up  a  ['roblem 
in  tfie  frequency  doiuiin  ddta.  Altfujugh  the  [a  is  (  obi  1  i  ty  follows  a 
similar  trend  as  that  from  the  tinie  doiiiain,  it  is  seen  that  tfie  real 
part  of  tfie  permittivity  was  approx iiiuitely  ?bf  below  the  values 
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TABLE  VII 


SAMPLE;  TLEI.Ori 


EREQUENCY  DOMAIN  DATA 


BMUIN  C  Y_  _( G 


9.2  1 

9.6  1 

10.0  1 

10.4  1 

10.8  1 

11.2  1 

11.6  1 

12.0  2 

12.4  2 

12.8  2 

13.2  1 

13.6  1 

14.0  2 

14.4  2 

14.8  2 

15.2  2 

15.6  1 

16.0  1 

16.4  1 

16.8  2 

17.2  2 

17.6  2 

18.0  2 

18.4  2 

18.8  2 

19.2  1 


rHICKNLSS  =  180  MIIS 


EPSILON 

MU 

.08-J.04 

1 .05+0.01 

.32-J.03 

1 .20-0.04 

.59-J.12 

1 .24-0.03 

.90-J.19 

1 .14-0.05 

.98-J.09 

1  .01+0.01 

.94-J.ll 

1 .04+0.02 

.91+J.lO 

1 .03-0.11 

.03+0.13 

.96-0.08 

.19+0.21 

.95-0.05 

.12+0.17 

.97-0.05 

.98+0.22 

1  .01-0.10 

.95+0.21 

1  .01-0.08 

.04+0.16 

1 .01-0.05 

.11+0.05 

.98-0.02 

.08+0.06 

.98-0.04 

.07+0.06 

1 .02-5.03 

.99+0.11 

1.05-0.07 

.90+0.14 

1 .06-0.07 

.92+0.09 

1 .03-0.05 

.07-0.01 

1 .01+0.01 

.20-0.10 

.97+0.03 

.26+0.00 

.01-0.02 

.36+0.07 

.88-0.04 

.34^0.16 

..'■8-0.07 

.14t5.32 

.94-0.14 

.P/'-'  O  .44 

1 .07-0.24 
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TABLE  IX 


SAMPLE:  (GM-40  ABSORBER 


IRtQLIENCY  DOMAIN  DATA 

THICKNESS  =  38.5  M 

FREQUENCX  iGJizl 

f  PS  I  LON 

MU 

9.2 

2.7S+J2.83 

1  .42-J.57 

9.6 

12.87+J4.54 

2.43+J.98 

10.0 

12.73+Jl .71 

2.02+J3.53 

10.4 

18.63+J2.21 

1  .47  +  J2.40 

10.8 

20.27+J2.21 

1  .02  +  J2.06 

11  .2 

20.57-J.15 

.85+J2.05 

11  .6 

22.38+J2.17 

.91+Jl  .98 

12.0 

24.26+J3.07 

1  .00+Jl  .78 

12.4 

24.29+J2.95 

1 .07+Jl .79 

12.8 

22.64+J2.02 

1 .03+Jl  .77 

13.2 

21 .60+Jl .63 

.96+Jl .69 

13.6 

21 .77+J.93 

.84+Jl .67 

14.0 

23.1 5-J.54 

.9C+J1 .52 

14.4 

24.76-Jl .57 

.91+Jl  .52 

14.8 

26.07-J.39 

1 .10+Jl  .48 

15.2 

24.34+J3.78 

1 .1 7+Jl .68 

15.6 

22.34+J5.27 

.94  +  Jl  .77 

16.0 

20.99+J2.55 

.65  +  Jl  .71 

16.4 

24.83-Jl .88 

.48+Jl  .43 

16.8 

27.81-J2.77 

.35+Jl .27 

17.2 

30.15+Jl .26 

.44+Jl .17 

17.6 

26.52+J4.60 

.62+Jl .24 

18.0 

24.03+J3.91 

.71+Jl  .24 

18.4 

22.23+Jl .48 

.52+Jl .22 

18.8 

20.94+J.87 

.49+Jl .31 

19.2 

20.17+Jl  .14 

.54+Jl .51 
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iiie^^suied  on  tfic  tiine  do;  ain  .aid  the  i;  <ifjinary  part  of  lIiG  poriii ;  It  iv  i  ty 
from  the  ftt^pjt-ncy  dornain  i,.eMt  rculd  iiOt  be  compared.  Duting 

fe^ts  of  tfic  p].JLLM';;cnt  of  tfie  SuMj^le  r<;]<;tive  to  the  aborting  plate, 

]t  was  seen  that  tfie  ii  iagiiiary  penni  tlivity  pdr  u:  -elcr  was  very  s  ensi¬ 
tive  to  position  witfiin  the  sample  holder.  Also,  tf^e  I  Cy, -40  pie 
was  seen  to  deform  slightly  wfien  it  was  inserted  into  the  sample 
window.  This  effect  could  not  occur  on  tfie  other  harder  S3)!;plcs  of 
plexiglas,  fiberglass  and  teflon.  Tfiese  factors  (nay  give  a  clue  to 
the  poor  cO  ;[warison  of  data  for  this  sa'^ple.  Unfortunately,  tinie 
did  not  permit  extensive  investigation  in  this  area. 


VI  ,  .  f.c"!  1-  IIS  ,:!jd  '"'M.  :  •  !uic:l 

^  1.*:  1  us  i ons 

A  (!c;:‘ia'in  i;;ousin\:;.^ont  sysU-i.i  was  (it  Tfie 

ifilrinsic  pr^iiwrlies  of  f1f;Lj\jlass,  l.vo  tli  icknos^c^s  of  ploxiylas, 
teflon,  and  an  1  GM-40  absorber  wuio  i.Cc.v.ured  on  the  frequency  do::.a1n 
and  tfire  do/nain  systems  and  compared.  On  tlie  basis  of  the  results 
obtained  from  the  ftwwjucmicy  do!::ain  sy'  trM’,  I'ne  following  coruJusions 
ai'O  diawn: 

1.  Tlie  feasibility  of  mcasuriny  intrinsic  properties  of  ii-aterials 
using  a  ft'oeu  iicy  (!'..’.ain  to/Lbni'pje  l^as  bttm  shown. 

2.  Repeatability  wus  investigated  for  the  two  thicknesses  of 
ploxiglas  and  fibot'glass.  Repeatability  of  liieasurc,  ent  was  ex  Irrei-ely 
good  in  the  case  of  the  two  thicknesses  of  plexiglass,  but  began  to 
show  a  problem  in  the  iiivujinary  part  of  the  permittivity  of  fiberglass. 

3.  The  coi,y:ari'()n  of  data  b'a'u'.;:en  the  tiii.e  d'.}'  ..:in  .nid  ff'rquency 
diamain  system  was  good  for  llio  plexiglas  and  teflon.  The  fii)erg]as5 
(!ata  I  egan  to  sfiow  somoo  (naor,  f’S[iM:  ially  in  tbio  uria  of  I’ne  iri'wjinary 
i  Cl  ini  tlivi  ty . 

4.  The  greatest  error  was  si  an  wia))  i  f  iMjring  the  lGb.-40 

(jbsorber.  Although  trie  [i(  r:  tcibi  1  1  ty  (.i  i  Of-d  well  fur  i'nth  the  time 
domain  and  fM'Cjuoncy  domain  data,  the  real  pat  t  of  M.e  [a  r,rM  1 1 1  vi  ty 
was  approxii  .at  cly  ?bT  belc^w  of  tlie  time  doi;,a  !n  a.nd  tfie  imaginary 
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part  of  t()G  pc-riiii  tti  VI  ty  was  not  Ci/iiparabl  e . 

5.  The  refinement  of  the  saniplo  holder  ond  slider  scrction  may 
result  in  smaller  eri'ors  than  tliose  seen  in  this  study.  This 
observation  is  drawn  from  experience  gained  during  troubl e~shuoti ng 
probleiHS  in  the  sainple  holder'  area. 

6.  A  possible  cause  of  error  in  the  frequency  dosiain  data  of 
the  FGM-40  absor[;er  fuaterial  fnay  have  been  distortion  of  the  sample 
during  insertion  into  the  sample  window.  Unlike  the  other  materials 
tested,  the  FGM-40  absorber  was  rubbery  and  easily  compressed. 

Recof'/iic-nda  tjons 

Based  on  the  assuiiiptions  stated  initially  and  observations  made 
during  the  investigation,  the  following  recoih^Lpdations  are  proposed 
for  further  study: 

1.  The  high  VSWR,  which  ranged  up  to  10  at  18  GHz,  at  the  test 
and  reference  ports  of  the  frequency  converter,  could  be  investigated 
as  a  source  of  error. 

2.  The  sensitivity  of  reflection  coefficients  to  the  )'efcrcnce 
shorting  plate  and  sample  position  within  the  sample  holder  could 

be  investigated. 

3.  A  computer  model  could  be  developed  to  investigate  the 
H-plane  sectoral  horn  plane  wave  approximations  to  TEM  waves  used  in 
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this  tliesis  and  how  this  opproxi  :,,at  ion  rolatcs  to  tfie  Sdfnples* 
intrinsic  property  nu  dsurf':i)onts  , 

4.  A  systcMn  characteristic  was  used  to  renormalize  the  relative 
•mu  and  epsilon  values.  An  investigation  could  be  done  to  determine 
if  a  better  teclmique  were  possible  for  removing  inherent  system 
error. 
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nj;j'f:iujix  A 
Control  Software 

The  operating  system  controls  the  Hewlett-Packard  notvork  analy/cr 
and  Watkins  and  Johnson  frequency  synthesi?C:r  during  paraii.eter  mrasurc- 
ments.  The  software  and  system  relationship  is  diagraf:i:ned  l)clow. 
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Firsjt^ Jest  Setup  of  rre[|_uency  Doinain  Kf^asureii.ent  System 

The  equipment  used  in  the  first  test  setup  of  the  frequency 
domain  measurement  system  will  be  descril)ed.  Then  the  prjcedures 
used  to  measure  fiberglass  and  two  thicknesses  of  plexiglas  will  be 
discussed.  Finally,  the  relative  complex  inu  and  epsilon  values 
measured  for  the  fiberglass  and  tvjo  thicknesses  of  plexiglas  will 
be  presented. 

Equipment 

The  equipment  used  to  support  this  thesis  test  setup  consisted 
of  a  frequency  synthesizer  which  served  as  the  signal  source,  a 
network  analyzer  used  for  making  relative  decibel  aiiiplitude  and 
phase  measurements,  an  anechoic  chamber  used  for  the  transmission 
coefficient  measurements ,  a  sectoral  horn  assembly  used  to  iiiake  the 
reflection  coefficient  measurements,  and  a  Hewlett-Packard  21f*1X  RTE 
computer  used  to  control  the  ineasurcMdent  setup.  The  complete  measure¬ 
ment  setup  is  diagrumed  in  Eigure  18. 

The  power  source  was  a  Watkins  and  Johnson  niodel  1204-1; 
rapidly  tunable  over  a  freejuency  range  of  0.1  -  26  GHz.  The  following 
information  was  taken  from  the  Watkins  and  Johnson  1204-1  specification 
sheet.  The  frequency  resolution  v;as  10  kHz  from  100  MHz  to  249.99  MHz, 
100  kHz  from  250  MHz  to  1.9999  GHz,  and  1  MHz  from  2-26  GHz.  The 
frequency  was  displayed  with  a  five-digit  lED,  in  GHz,  with  floating 
decimal.  The  frequency  accuracy  v/as  ^0,00035a>  for  180  days  over  a 
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Frequency  Dona  in  Measurement  Test  Setup 


0  -  50^  C  range.  A  single  frcujuoncy  could  t)e  selected  on  the  keyloard 
with  the  enter,  LNT,  button  and  displayed  on  tlie  If.D.  The  frecjuoncy 
could  be  slewed  up  or  down  in  1,  10,  and  100  Mll-^  steps  as  selected 
on  the  INCRLMtNT  controls.  The  synthesizer  sweeps  repetitively 
upward  within  tfie  following  bands:  0.1  -  1  GHz,  1  ~  2  GHz,  2-8  GHz, 
8-13  GHz,  13  -  18  GHz,  and  18  -  26  GHz.  The  aF  syimsietrical  sweep 
about  phase-locked  center  frequency  F  wfiich  was  displayed  on  the 
LED  readout  was  0  to  ^0.1/'  of  F  .  Tlie  synthesizer  provides  0  dBm 
(1  mw)  minimum  leveled  output  power.  Tlie  variations  in  leveled 
power  for  the  0  dB  attenuator  setting  was  *1  dB  over  the  range  of 
0.1  -  26  GHz.  The  output  power  could  be  attenuated  over  a  range  of 
0  to  90  dB  in  10  dB  steps.  The  output  power  accuracy  (n,eter  reading 
plus  attenuator  setting)  was:  ^0  dB  aiter)uator  setting,  0.1  -  18  GHz, 
>1  dB  and  18  -  26  GHz,  M  dB;  10  dB  -  90  (iB  attenuator  setting,  ^2  dB 
and  18  -  26  GHz,  >2.5  dB . 

The  network  analyzer  was  a  Howl et t-Fackard  Model  8410A  with  a 
phase-gain  indicator.  The  8413A  phase-gain  indicator  used  a  meter 
display.  The  8411A  harmonic  frecjuency  converter  provided  RF-to-IF 
conversion.  Measurements  were  based  on  the  use  of  two  wideband 
samplers  to  convert  the  input  frequencies  to  a  constant  IF  frequency. 
RF-to-lF  conversion  took  place  entirely  in  the  [uniiionic  fr'cquerKy 
converter,  which  converted  frequencies  over  a  range  of  12.4  -  18  GHz 
to  20  MHz  IF  signals.  The  phase  and  amplitude  of  the  two  RF  input 
signals  wer'e  maintained  in  the  IF  signal.  The  rietwc>rk  analyzer 
mainframe  [)rovided  the  phase-lock  circuitry  to  [Maintain  the  20  MHz 
IF  frequency  while  frequency  was  being  swept,  took  the  ratio  of  the 
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reference  and  test  ctiannels  by  use  of  identical  AGC  amplifiers,  and 
then  converted  down  to  a  soeond  IF  of  2/8  kfiz.  It  also  fiad  a  precision 
0  to  69  dB  IF  attenuator  with  10  and  1  dB  steps  for  accurate  IF 
substitution  measurenients  of  gain  or  attenuation. 

The  frequency  domain  measurement  setup  utilized  the  following 
piece  of  equipment  during  data  fneasurements:  a  plug-in  for  the 
8410A  mainframe,  the  841 3A  phase-gain  indicator.  It  compared  the 
amplitudes  of  the  two  IF  signals  and  provided  a  meter  readout  of 
their  ratio  directly  in  dB  with  0.1  dB  resolution.  It  also  coiiipared 
phase  in  degrees  over  a  360°  unambiguous  range  with  0,2^  resolution 
on  the  meter.  Phase  difference  was  presented  on  the  same  nieter  when 
the  appropriate  function  button  was  depressed.  This  plug-in  had  two 
analog  output  ports  accessible  frcmi  the  front,  one  for  dB  amplitude, 

20  mv/dB,  and  one  for  phase,  50  mv/degree. 

The  anechoic  chamber  was  a  9 . 5  ft  x  3  ft  x  3  ft  upright  box 
structure  as  sliown  in  Figure  19.  The  outer  structure  was  made  of 
2  in  X  6  in  boards  covered  with  1/2  inch  plywood.  The  inner  structure 
was  1/2  inch  plywood  supported  by  2  inch  x  4  inch  boards.  The  1/2  inch 
plywood  inside  of  the  chamber  was  covered  with  4  inch  thick  CV-4 
radar  absorbing  material  (RAM).  At  the  middle  of  the  chamber,  a 
2  inch  thick  styrofoam  square  and  AN-74  F^AM  square  provided  a  table 
top  support  area  for  the  test  sample.  An  8  inch  square  hole  was  cut 
in  the  table  top  to  provide  a  window  for  signal  transmission.  At  the 
top  and  bottom  of  the  anechoic  chaii'ber,  there  were  3  square  inch  holes 
cut  to  allow  access  for  horn  antennae.  A  hinged  door  was  located  at 
one  side  of  the  chamber  to  allow  easy  irisertion  and  reiiioval  of  samples 
to  be  tested. 
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An  H-plane  secloral  iiorn  was  desi'jnf'd  nfid  huilt  for  this  fji  eject 
using  fonuulae  from  Jasik,  pages  lO-S  and  iO-9.  An  i/<^proved  free 
space  match  was  obtained  by  introducing  a  set  of  [idrallel  plates 
coupled  with  a  set  of  curved  cylinders  at  the  inouth  of  the  horn. 

The  horn  is  depicted  in  figure  ?0.  The  tlieoretically  computed  phase 
variatiotis  across  the  ai^erturc  v.O'e  A9./^  at  12.4  GHz  to  71.7^'  at 
18  GHz. 

The  Hewlett-Packard  21MX  computer  was  used  to  control  the  data 
measurement.  The  frequency  synthesizer  was  cominanded  to  a  discrete 
frequency  by  the  computer  and  a  data  lirasure’iient  was  taken  through 
the  computer  A/D  converted,  cofinected  to  the  network  analyzer.  The 
disk  subsystem  and  I/O  devices  were  used  to  store,  process,  and 
display  the  results  of  a  data  run.  The  software  used  in  the  coniputer 
for  the  test  setup  v/as  an  earlier  version  of  that  given  in  Appendix  A. 

Pi  CiCeduv 

The  [iroc'^dure  followed  in  measuring  the  coiiiplex  inu  and  epsilon 
values  of  a  test  saniple  involved  the  preparation  of  the  sample, 
initialization  of  tfie  ceiiputer  [.rogram,  setup  and  i'.easureiiient  of  the 
reflection  coefficient  values,  setup  and  measurement  of  the  trans¬ 
mission  coefficient  values,  data  calculation  to  obtain  mu  and  epsilon, 
and  data  output  to  present  the  mu  and  epsilon  values. 

In  preparing  the  sample,  a  one  sep^are  foot  piece  of  test  naterial 
’was  used,  from  the  oik?  square  foot  pb-ce  of  i^aftu'ial,  a  sir.all  slrin 
0.8  inches  in  width  was  cut  froai  one  side.  The  0.8  inch  wide  piece 
of  test  material  was  used  in  the  sectoral  horn  for  reflection 
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coefficient  fueasut'ef  ients  .  Ourifig  refh^ction  coefficiiMit  e,.  •nls  , 

the  Sd.L’jple  piece  was  placed  directly  on  the  mouth  of  the  horn  where 
the  parallel  plates  were  attached.  The  laiger  piece  of  the  sample 
was  placed  inside  the  anechoic  chamber  during  transmission  coefficient 
fiieasurcMnents . 

Once  the  Sci.'/tple  pieces  were  prepared,  the  computer  program  was 
initialized.  The  operator  entered  a  comment  statement  that  identified 
the  sample.  This  stateifient  was  printed  as  the  heading  for  the  line 
printer  output  of  the  mu  and  epsilon  values.  The  thickness  of  the 
sample  was  entered  next.  Then,  the  start  and  stop  frequencies  were 
entered  and  the  number  of  discrete  frequencies  at  which  irieasurernents 
occurred  were  entered.  At  this  point,  the  operator  entered  the 
portion  of  the  program  that  makes  reflection  coefficient  measurements. 

For  the  reflection  coefficient  measurements,  the  sectoral  horn 
was  switched  into  the  network  by  n;anually  setting  switch  number  one 
(the  switch  feeding  power  to  the  horn)  to  the  right,  and  switch  number 
two  (the  switch  connected  to  the  test  signal  port  of  the  converter 
unit)  to  the  left.  The  shorting  plate  was  placed  on  the  horn  at  the 
location  previously  described  for  the  sample.  The  network  analyzer 
gain  ainplifier  was  set  to  13  dB.  The  frequency  synthesizer  power 
output  was  set  to  zero  dB.  The  operator  commanded  the  coirijjuter  to 
step  the  frequency  synthesizer  across  the  frequency  range  to  obtain 
a  background  reference  for  the  short.  F^ext,  the  sample  was  placed 
in  the  horn  and  the  operator  allowed  the  coiMputer  to  step  through 
the  frequencies  again.  The  computer  determined  the  difference  between 
the  two  sets  of  values  and  stored  these  differences  as  the  reflection 


137 


coefficients.  Now,  tfie  o[»orcitor  entered  the  portion  of  the  [.<r09rrim 
to  obtain  t  ransiii  i  cs  i  on  coef  f  i  c  i  cnits  . 

Tf^e  larije  sample  piece  WiiS  used  for  determining  the  transmission 
coefficients.  The  gain  amplifier  on  the  network  analy/er  was.  set  to 
41  dB.  The  anechuic  chamber  was  switcfied  into  the  fw-twork  by  placing 
switch  one  to  the  left  and  switch  two  to  the  right.  The  anechoic 
chamber  was  set  up  first  with  nothing  over  the  4  inch  scjuare  window 
on  the  table  assembly.  The  o[)erator  allowed  the  computer  to  measure 
the  open  window  across  the  frccjuency  range  for  a  reference  background 
liieasuremont .  Next,  the  sample  was  placed  flush  against  the  table 
surface,  centered  on  the  4  inch  square  window.  The  first  set  of  values 
for  the  sample  transmission  coefficients  v;as  determined  and  stored  in 
the  computer.  Next,  the  sample  was  offset  with  two  shims  that  were 
0.5  cm  thick  and  a  second  set  of  transmission  coefficients  was  measured. 

The  two  sets  of  values  were  averaged  to  cTjtain  a  single  set  of  values 
as  the  tt'ansmi  ss  ion  coefficients.  This  [nocedure  was  performed  to 
help  compensate  for  the  infierent  VSWR  within  the  anecf)oic  chaiiiber. 

At  this  point,  tlie  data  nn^ded  to  compute  mu  and  epsilon  had  been  obtained. 

The  data  calculation  to  obtain  the  complex  mu  and  epsilon  values 
was  now  performed  by  the  computer  at  the  operator's  request.  The 
system  was  ready  to  output  tiiis  data  as  fuird  copy  at  tfie  line  printer 
or  as  plots. 

The  output  could  be  rc^quesled  in  the  form  of  hard  copy.  This 
outfujt  gave  tiie  frequency  in  Mdz  and  tlio  mu  end  ofisilon  values  scaled 
up  by  a  factor  of  100.  A  second  ptogram  was  loaded  into  memory  at 
the  request  of  the  operator  to  produce  plots. 
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The  plot  program  was  rotjuesled  rroin  tlie  main  program.  It 
required  a'statoment  about  the  sample  for  use  as  a  title  on  the  plots. 
The  output  was  produced  on  the  CRT  of  the  computer  and  automatically 
copied  to  a  Tektronix  hardcopy  unit.  At  the  direction  of  the.  oj^erator, 
the  main  program  was  n^eMtered  and  terminated. 

Fiberglass  Sample 

The  frequency  domain  data  for  the  fiberglass  sample  is  given 
in  Figure  21A  and  21B.  The  frequency  domain  values  of  relative  mu 
and  epsilon  between  12  and  18  GHz  are  compared  to  the  time  don.ain 
data  from  Figure  7A  and  7B  in  Table  XI. 

First^  Plexigl as  ^Sample 

The  frequency  domain  data  for  the  64  mil  plexiglas  sample  is 
given  in  Figure  22A  and  22B.  The  frequency  domain  data  between  12  and 
18  GHz  is  coiiipared  to  the  lime  domain  data  from  Figure  9A  and  9B 
in  Table  XII , 


Seconc^  Plexiglas 

The  frequency  domain  data  for  the  172  mil  plexiglas  sa/i/ple  is 
given  in  Figure  23A  and  23B.  The  frequency  domain  data  between  12  and 
18  GHz  is  compared  to  the  time  don;ain  data  f i  oin  Figure  llA  nnd  IIB 
in  Table  XIII. 
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Figure  21A.  Frequency  Donain  (R.al)  Data  for  142  mil  Fiberglass  Sample 


igure  2'3.  Frequency  Doniain  (In-, aginary)  Data  for  142  mil  Fiberglass  Sample 
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20.  ABSTRACT  (C.T.f;n:je  i-fi  tt^ver^f  aide  if  ,.rirr<.t,ry  ttr.d  ;..T, ',.r} 

Using  frequency  domain  techniques,  a  system  was  dcvel op-ed  to  measui'e  the 
coi.plex  permittivity  and  permeability  of  different  i;-aterials  in  the  Ku  hand 
(12.4  to  13  GHz).  A  sample  of  fiberglass,  teflon,  ard  two  different 

plexiglas  configurations  v.'ere  chosen  for  this  experiment.  The  newly  (ievcl oi>ed 
measuring  system  consisted  of  a  two  hori zontal -  pi ane  sectoral  horn  and  a  sample 
holder  assembly.  A  9.5  x  0.8  cm  piece  of  the  sample  material  was  cut  and  fitted 
into  the  sas.ple  holder  assembly.  The  reflection  and  transmission  coefficients 
for  the  sa'  plo  were  mrasured,  i;s1ng  a  network  analyzer  and  frequency  synthesizer 
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lu'in  ?0  (continued) 


as  the  swept  fi'^quency  signal  source.  A  dedicoled  rtr.’puter  (  <  ul c t ‘  d  the 

c.ofip'lex  pet  fill  t  ti  vi  ty  and  abil  i  ty  a/rd  plotted  [lie  rutjut  data.  The 

mc  asurtriiicnts  were  perfoniird  autonki tical  ly  by  having  ttio  c(<!’;|.*utor  riwitrol 
the  frequency  syntliesi zer  while  running  the  ex{;e'r  ii^t-nt . 

The  two  configurations  of  plexiglas  and  the  f  i  L-m  gl  ass  saiiple  w/ t'e  tested 
ten  tiptos  to  obtain  a  statistical  represi.ntation  of  the  /esults.  In  ail  ia*.es 
good  repeatabi  1  i  ty  was  obtained.  The  sLwidard  deviation  of  the  i  cal  port  of 
the  permittivity  and  permc-abi  1  i  ty  for  the  two  cases  of  ple:xiglas  v:as  within 
+  4T  of  the  mean.  The  fiberglass  had  a  typical  standard  deviation  witfn'n  +  7 
of  the  /nean  for  the  real  part  of  the  perini  tt i  vi  ty  a/rd  periMoabi  1  i  ty . 

The  permittivity  and  permeability  obtained  for  the  selected  sa;  p'^es  using 
the  frequency  do/nain  measurep-ent  technic^uo  were  co):vnared  with  the  results 
obtained  in  a  previously  developed  systfon  which  used  tisie  doiiiain  teclini ques . 
The  data  comparison  between  the  two  systm^is  was  good  for  teflon,  plexiglas, 
and  fiberglass  in  the  frequency  range  from  12.4  to  16  GHz.  Some  variations 
were  noted  for  the  FGM-40.  Since  the  results  obtained  were  generally  con¬ 
sistent  between  both  techniques,  it  is  claimed  that  the  newly  i/r.ple/=icnted 
frequency  domain  system  is  a  viable  alternative  for  the  rapid  Pieasurei-ient  of 
intrinsic  properties  in  the  Ku  band. 
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